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ABSTRACT 
The internal factors which give rise to differences 
in nitrate accumulation between cultivars of a given species 
between unrelated species, and among tissues of a given 
cultivar were studied. A savoy-leaf spinach cultivar (Ameri 
ca) and a smooth-leaf spinach cultivar (Hybrid 424) were 
grown in sand culture at three levels of nitrate—10, 50, 
and 250 ppm NO^-N. At 10 and 50 ppm NO^-N there were no 
marked differences in growth response and nitrate accumula¬ 
tion between cultivars, roots being the major site of 
accumulation in both cultivars. At 250 ppm NO^-N, growth 
of Hybrid 424 exceeded that of America by twofold, while 
significantly higher levels of nitrate were accumulated in 
America compared with Hybrid 424. Furthermore, the pattern 
of nitrate accumulation at the high nitrate level was not 
uniform, petioles accumulating more nitrate than roots, and 
roots accumulating more nitrate than leaf blades. The 
differences in nitrate accumulating ability between culti¬ 
vars and among tissues of a given cultivar are attributed to 
differences in nitrate reducing capacity. Differences in 
rates of nitrate translocation from roots could not account 
for the observed differences in nitrate accumulation by 
shoots. It appears that nitrate is the principal form in 
vi 
which nitrogen is translocated and stored in spinach when 
grown under conditions of a high external nitrate supply. In 
a parallel study, cucumber cv. Marketmore and pea cv. Frosty 
were grown in sand culture at three levels of nitrate as 
above. At 10 ppm NO^-N, growth of pea was significantly 
greater than cucumber, while nitrate accumulation by cucumber 
leaves exceeded that of pea. At 50 ppm NO^-N, there were no 
marked differences in growth between species, although ni¬ 
trate accumulation by cucumber leaf blades surpassed that of 
pea leaflets and stipules. At 250 ppm NO^-N, growth of cu¬ 
cumber exceeded that of pea by twofold, while significantly 
higher levels of nitrate were accumulated in cucumber shoots 
compared with pea. The pattern of nitrate accumulation in 
both species was strikingly similar to that found in spinach, 
petioles and stems accumulating more nitrate than roots, and 
roots accumulating more nitrate than leaf laminae. The 
differences in nitrate accumulating ability between species 
and among tissues of a given species are attributed to 
differences in nitrate reducing capacity. Differences in 
rates of nitrate uptake from the external medium might also 
account for the observed differences in nitrate accumulation 
between species. Whereas nitrate is the principal form in 
which nitrogen is translocated and stored in spinach and cu¬ 
cumber grown under conditions of a high external nitrate 
supply, amides appear to serve the same function in pea. 
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INTRODUCTION 
Plants absorb mineral ions from their rooting 
media so that the concentration of salts within plant 
cells reaches levels far higher than in the soil solution. 
This ability of plants to "mine" their environment for 
needed inorganic ions is important in several respects: 
(a) It furnishes plants with elements required for normal 
growth and development, (b) it is a major focal point in 
the cycling of mineral elements in the environment, and 
(c) since the process is unique to plants, most hetero- 
trophic organisms, including man, are dependent upon it. 
Although ion accumulation is a normal and necessary 
plant function, recent concern has been expressed over 
the accumulation of nitrates in vegetables to levels which 
may be potentially toxic to humans or impair the quality 
of the processed product. High levels of nitrate in 
either fresh or processed vegatables can bring about 
methemoglobinemia in infants. Nitrate itself is relatively 
non-toxic, but under certain conditions may be reduced to 
nitrite in fresh vegatables following storage or in the 
gastrointestinal tract following ingestion of vegatables 
high in nitrate (19, 67). It is the resulting nitrite 
2 
that reacts with hemoglobin to produce methemoglobin, 
with consequent impairment of oxygen transport (19). 
Thus, the nitrate concentration of vegetables may serve 
as an index of the potential for nitrite toxicity (67). 
Another possible hazardous effect of nitrite upon 
human health is the formation of nitrosamines, which re¬ 
sult from the reaction between secondary amines and nitrite 
(19, 59). Low levels of nitrosamines fed to experimental 
animals have been shown to possess carcinogenic, terato¬ 
genic, and mutagenic properties, while other experiments 
have shown that simultaneous ingestion of nitrite and secon¬ 
dary amines have similar effects as the feeding of preformed 
nitrosamines (19). As in the case of methemoglobinemia, 
vegetables high in nitrate could serve as a source of nitrite. 
The occurrence and precise levels of nitrosamines in food 
products and their effects upon humans have yet to be 
determined (19). 
Still another undesireable consequence of nitrate 
accumulation in vegetables is the extensive detinning of 
internal can surfaces by processed vegetables high in ni¬ 
trate (38 , 74 ) . 
The problem of nitrate accumulation in plants has 
become of interest to plant scientists. They are now 
studying the factors responsible for accumulation and are 
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seeking ways to reduce it, particularly in vegetable crops 
where high levels of nitrogen fertilizers are required in 
order to attain maximum yields and high quality produce (50). 
To date, a number of plant and environmental variables 
have been found to affect the accumulation of nitrate in 
plants, including: (a) Genetic differences (1, 6, 7, 15, 
16, 17, 20, 43, 56, 
00 (b) plant tissue (1, 6, 7, 15, 20, 
43, 56, 6 6, 83, 87) , (c) age (5, 20, 30, 31, 55, 87), (d) level 
of nitrate in the rooting medium (5, 6, 7, 14, 15, 16, 17, 
20, 29, 30, 55, 56, 66, 87), (e) light intensity (10, 14, 
18, 20, 29, 56, 78, 79, 80, 87), (f) photoperiod (15), 
(g) temperature (10, 16, 18, 29, 87), (h) moisture availa¬ 
bility (54, 87), (i) nitrogen carrier (6, 7, 20, 56, 66, 87), 
(j) method of fertilizer application (7, 66, 87), (k) time 
of harvest (15, 20, 29, 31, 56, 82), (1) herbicides (75, 87), 
(m) nitrification inhibitors (56, 57), and (n) other nu¬ 
trients (5, 87). It appears that any environmental variable 
which inhibits or decreases growth while favoring nitrate 
uptake from the soil will promote nitrate accumulation. 
However, the internal factors which give rise to differences 
in patterns of nitrate accumulation between vegetable cul- 
tivars and between the tissues of a given cultivar are still 
poorly understood. The present study attempts to account 
for differences in patterns of nitrate accumulation which 
4 
occur (a) between cultivars of a given species, (b) 
tween unrelated species, and (c) among tissues of a 
cultivar. 
be- 
given 
LITERATURE REVIEW 
It is a reasonable assumption that nitrate accu¬ 
mulates in plant tissues when the rate of nitrate uptake 
exceeds that of reduction. Therefore, at any point in time, 
the nitrate concentration in a tissue represents a steady- 
state concentration which is subject to change as the rela¬ 
tive rates of uptake and reduction are altered. It has 
been established that nitrate uptake by plants is an active 
process and depends upon the expenditure of metabolic energy 
in order to transport the anion from the external solution 
into the cytoplasm. Once inside the cell, nitrate may be 
reduced to ammonia which is subsequently incorporated into 
amino acids, proteins, and other cell constituents. Since 
nitrate accumulation represents the difference between 
nitrate absorption and nitrate reduction, a consideration 
of these processes and their relationship to each other 
follows. 
I. Nitrate Uptake 
1. Passive Uptake. The absorption of nitrate from 
the external medium by plant cells possesses both passive 
and active components. In a study of nitrate uptake by 
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the fungus, Scopulariopisis brevicaulis, MacMillan (53) 
has shown that the anion is rapidly taken up at first, 
and then more slowly at a constant rate. On washing the 
mycelium in buffer, much of the nitrate taken up initially 
is washed out, the nitrate remaining in the tissue re¬ 
presenting that taken up by active processes. Since the 
rapid initial entry of nitrate is not inhibited by cyanide, 
this phase of uptake is considered to be passive. Fur¬ 
ther evidence for a passive component of nitrate uptake 
in tobacco cells is provided by the studies of Ferrari 
et al. (25), in which washout kinetics indicate that most 
of the nitrate removed during initial washes is extra¬ 
cellular or cell wall-bound. Passive nitrate uptake by 
plant cells therefore appears to involve diffusion of 
nitrate from the external solution into the extracellular 
spaces of the cell wall. Morgan et aJL. (58) argue that 
nitrate may also be transferred passively across the 
plasmalemma into the cytoplasm in response to a concen¬ 
tration gradient, but no convincing evidence is presented 
in support of their view. 
2_. Active Uptake. Active uptake may be defined 
as the movement of an ion across a cell membrane against 
a concentration gradient, the necessary energy being 
derived from the active metabolism of the cell. Active 
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ion uptake by plant cells has been shown to involve mem¬ 
brane-bound carriers, presumably proteins, which mediate 
the passage of ions from the external solution to the cy¬ 
toplasm. The process requires the expenditure of energy 
in the form of ATP derived from either respiration or 
photosynthesis (23). 
Active uptake of nitrate has been shown to occur 
in algae (21, 22), fungi (53), and higher plants (13, 28, 
32, 33, 36, 40, 52, 53). Saturation kinetics, which are 
indicative of carrier-mediated transport, have been demon¬ 
strated for nitrate uptake by a wide variety of plant 
tissues. Fried et al. (28) found that rice roots have an 
-4 
apparent Km of 6 x 10 M, which compares favorably with 
values obtained for corn, perennial ryegrass, and tobacco 
cells (32, 40, 52). By contrast, the apparent K^'s of 
-7 
marine algae approach 3 x 10 M, indicating a much higher 
affinity of the carrier for nitrate in these organisms. 
This is presumably a physiological adaptation to an environ¬ 
ment in which the concentration of nitrate ions is low in 
the extreme (21, 22). 
Other lines of evidence which support the role of 
active transport in nitrate uptake include: (a) nitrate 
accumulation against a concentration gradient (32, 36, 53), 
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(b) temperature dependence of nitrate uptake (40, 52), 
(c) inhibition of nitrate uptake by respiratory poisons 
(32, 53) and (d) stimulation of nitrate uptake by respira¬ 
tory substrates (53). 
In a detailed study of the nitrate uptake system 
in cultured tobacco cells, Heimer and Filner (32) found 
that the development of an active nitrate uptake system is 
not initiated by nitrogen starvation or by slow growth on 
a poor nitrogen source such as urea. Rather, nitrate 
specifically was found to induce the development of an 
active nitrate uptake system, the maximum activity of which 
was reached about 4 hours after exposure to nitrate. Once 
the uptake system was fully developed, the rate of nitrate 
uptake was assumed to depend upon the concentration of 
nitrate in the medium. 
3_. Leakage. Fried et al. (28) and MacMillan (53) 
recognized the fact that studies of nitrate uptake may be 
confounded by leakage of nitrate which may occur simultan¬ 
eously with uptake. This source of interference has re¬ 
cently been confirmed by Morgan et al. (58) who demonstrated 
14 
significant efflux of NO^ when perennial ryegrass plants 
15 
were transferred to solutions of highly enriched NO^ . 
Therefore, in studies involving nitrate uptake in which 
9 
15 
NO^ is not used, the measured rates of uptake may 
represent the net difference between influx and efflux. 
An important but poorly understood physiological 
role of leakage is the release of ions from parenchyma 
cells into vascular tissue. In roots in particular, this 
process may account for the transfer of ions from the 
root cortex to the stele (48, 49). Thus, the leakage of 
nitrate from a tissue could lower the nitrate concentration 
in a manner similar to nitrate reduction. The relative 
importance of reduction and leakage and their combined 
effects upon nitrate accumulation is poorly understood. 
II. Nitrate Reduction 
Nitrate is assimilated in higher plants by the 
following pathway: 
Nitrate _ Nitrite Glutamic 
NO-, reductase N0n reductase NH. dehydrogenase glutamic 
acid 
Mo+6 
FAD 
NADH 
The first step in this sequence of reactions, the 
reduction of nitrate to nitrite, is mediated by the enzyme 
nitrate reductase. Nitrite is further reduced to ammonia 
by the enzyme nitrite reductase, and although the reduction 
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is thought to involve a series of electron shifts, all 
of the reactions are presumed to occur on a single enzyme 
without the occurence of free intermediates (9). The in- 
corporation of ammonia into glutamic acid by the enzyme 
glutamic dehydrogenase may be considered as the major 
route for the final assimilation of the nitrogen into 
organic compounds (27). 
Since nitrate reductase catalyzes the first step 
in the pathway for the reduction of nitrate, the activity 
of this enzyme, relative to the rate of nitrate uptake, 
will determine the concentration of nitrate in the plant. 
Joy (45) found the level of activity of nitrate reductase 
in Lemna minor an order of magnitude lower than those 
enzymes later in the pathway of nitrate assimilation. He 
suggests that an enzyme of low activity at the beginning 
of a metabolic pathway allows that enzyme to control the 
flow of metabolite into that pathway, and it may be that 
nitrate reductase has this role. 
1. Factors Influencing Nitrate Reductase Activity. 
The activity of the enzyme has several prerequisites (9, 34), 
the most important of which are: 
(a) Nitrate. Nitrate reductase is an adaptive 
enzyme, i.e., synthesis is dependent upon the entry of 
nitrate into the plant tissue (1, 10, 18, 42, 70, 77, 86). 
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Following the entry of nitrate, enzyme formation may 
be observed to occur at a steady rate for several hours 
or days until maximum activity is achieved. It is now 
well established that the increase in enzyme activity 
is due to de novo protein synthesis rather than activation 
of a latent enzyme molecule (1, 10, 42, 45, 73, 77, 78). 
Beevers et al_. (10) using excised corn shoots 
found that nitrate accumulated in the tissue in the light 
and was proportional to the concentration of nitrate in 
the external medium; they observed further that the in¬ 
crease in nitrate reductase activity was proportional to 
the amount of nitrate in the tissue. Other investigators 
have found that activity declines rapidly when the ni¬ 
trate supply is witheld from plants or excised tissues (1, 
46, 82). 
The concentration of nitrate in cauliflower leaves 
required to produce half maximal rates of enzyme formation 
-5 
was determined by Afridi and Hewitt (1) to be about 10 M. 
The inducibility of the enzyme may vary, however, depending 
upon the plant species; for example, Ferrari and Varner 
(24) observed that nitrate reductase activity increased 
in barley up to 10 nitrate; in contrast, Stewart (77) 
-4 . . ... 
found that 2.5 x 10 M nitrate induced maximum activity m 
Lemna minor. 
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The exact role of nitrate in enzyme induction 
is not known. Afridi and Hewitt (1) suggest that ni¬ 
trate is required for enzyme stabilization. 
(b) Light. Many studies have shown that light 
has a strong stimulatory effect on nitrate reductase 
activity in green plants (10, 18, 30, 46, 70, 78, 80). 
The enzyme typically is either absent or manifests a low 
level of induction in dark-grown plants, whereas light- 
grown plants possess high activity (10, 30, 46, 78). The 
observed increase in nitrate reductase activity in the 
light is the consequence of de novo protein synthesis (73). 
Hageman and Flesher (30) demonstrated that triose 
phosphate dehydrogenase levels do not change on trans¬ 
ferring corn seedlings from light to dark although nitrate 
reductase activity declined. They suggested that prolonged 
darkness does not inactivate enzymes in general but that 
light may play a specific role in nitrate reductase induc¬ 
tion. Travis et. al_. (80) also point out that nitrate 
reductase is unique in this respect since other cyto¬ 
plasmic enzymes can be produced completely in dark¬ 
ness . 
The effect of light on induction of nitrate reduc¬ 
tase appears to be indirect since the enzyme can be induced 
13 
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in the dark in leaves previously grown in the light 
(10, 18, 30, 78, 80). Chen and Ries (18) demonstrated 
that enzyme formation may continue to increase in the dark 
at rates determined by the light intensities to which 
seedlings were exposed prior to the dark period. Appa¬ 
rently oxygen must also be present for dark induction to 
occur (78). 
Travis et ad. (78) present evidence to suggest 
that light furnishes energy for cyclic photophosphorylation, 
the resulting ATP being used to maintain polyribosomes 
necessary for cytoplasmic protein synthesis. Kannangara 
and Woolhouse (46) have also shown that carbon dioxide is 
required for enzyme formation in the light. This was 
correlated with the incorporation of ^C-labelled components 
into protein fractions having the highest specific acti¬ 
vity of the enzyme, suggesting a close association between 
photosynthesis and the induction of nitrate reductase 
activity. Glucose supplied to leaves at their time of 
transfer to darkness, however, did not influence the decay 
of nitrate reductase activity, indicating that available 
carbohydrate per se is not a factor influencing enzyme 
induction (46). 
Apart from the poorly understood role of light in 
inducing the formation of nitrate reductase, light may 
14 
also influence nitrate metabolism by enhancing nitrate 
uptake (10, 18) and providing reduced pyridine nucleotides 
required for reduction (8). 
In non-photosynthetic tissue, the existence of 
a NADH-dependent nitrate reductase suggests that respira¬ 
tory metabolism supplies the electron donors for nitrate 
reduction (6, 70, 82). Moreover, the fact that leaves 
will reduce nitrate in the dark indicates the involvement 
of respiration (9). 
(c) Molybdenum. In addition to light and nitrate, 
molybdenum is required for the induction of nitrate reduc¬ 
tase (1). The importance of molybdenum can be easily 
understood from its role as a constituent of the enzyme (35). 
2_. Location. Nitrate reductase activity has been 
demonstrated in both roots and shoots of higher plants, 
including tobacco, cauliflower, corn, wheat, barley, po¬ 
tato, kidney bean, tomato, garden pea, cucumber, and field 
pea (1, 6, 70, 82). However, some species, e.g., cockle- 
bur, may be devoid of nitrate reductase in the roots (83). 
The relative importance of nitrate reductase in roots and 
leaves varies considerably for different species, but in 
general the enzyme appears to be more inducible in leaves 
than in roots (6, 70, 82). Wallace and Pate (82) suggest 
that in the presence of high levels of nitrate in the 
15 
medium, the assimilatory capacity of the roots may decline, 
probably through a progressive decrease in the supply 
of carbon-skeletons from the shoot system. As pointed out 
by Hewitt (34), the successful demonstration of nitrate 
reductase in any plant tissue also depends upon the use 
of correct extraction media, and the facts may be obscured 
in many cases by the difficulties of extraction, particu¬ 
larly the elimination of phenolic inhibitors. 
One indirect approach in assessing the role of 
roots in nitrate reduction has been to examine the compo¬ 
sition of the nitrogenous fraction of bleeding sap of 
plants grown on nitrate nutrition (11, 64, 65, 82). By 
this method, Pate (64) has shown that the roots of different 
species vary widely in their ability to reduce nitrate. 
At one end of the spectrum, there are species, e.g., 
Lupinus, in which only very low levels of nitrate-nitro¬ 
gen can be detected in xylem exudate, whereas high levels 
of organic solutes of nitrogen are present. At the other 
end of the spectrum are plants, e.g., Xanthium, in which 
it is doubtful whether any nitrate reduction ever occurs 
because their xylem sap contains 95-99 percent of its 
nitrogen as free nitrate. Most herbaceous species, in¬ 
cluding several important crop plants, appear to exhibit 
a response to nitrate intermediate between the two extremes. 
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III. Nitrate Accumulation 
!L. Nitrate Uptake and Reduction as Independent 
Processes. Two of the basic underlying assumptions in 
studies of nitrate accumulation are that (a) nitrate up¬ 
take and reduction are independent processes, and (b) 
nitrate accumulation represents a condition in which the 
rate of uptake exceeds that of reduction. 
Several lines of evidence indicate that uptake and 
reduction are independent processes and that nitrate accu¬ 
mulates when reduction is interfered with. For example, 
MacMillan (53) has shown that nitrate accumulated in 
Scopulariopsis brevicaulis in the absence of exogenous 
respiratory substrate; however, when glucose was supplied, 
assimilation of nitrate increased markedly and free nitrate 
in the mycelium declined. In wheat roots, Nance (60) 
demonstrated that the presence of oxygen enhances uptake 
more than reduction with the result that a greater percent¬ 
age of nitrate accumulated. Joy (45), in a study dealing 
with the regulation of nitrate reductase in Lemna minor, 
found that the induction of nitrate reductase by nitrate 
in the light was inhibited by cycloheximide; however, 
nitrate uptake was not interfered with. Travis et al_. (80) 
also demonstrated that nitrate reductase activity in 
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etiolated barley leaves was low when the leaves were kept 
in darkness, resulting in large amounts of nitrate accumu¬ 
lated. The most convincing evidence for the separation 
of the processes of uptake and reduction comes from studies 
in which tungstate is used as a selective inhibitor of 
nitrate reductase. Using tobacco cells and barley seed¬ 
lings, Heimer and Filner (32) and Wray and Filner (86) 
were able to inhibit selectively nitrate reductase while 
not interfering with nitrate uptake, therefore making it 
possible to measure uptake and accumulation independent of 
reduction. 
Morgan et al_. (58) present a model for nitrate up¬ 
take by roots in which they postulate that the nitrate 
concentration of the root cytoplasm is the net result of 
active uptake, reduction, movement into vacuoles, and 
leakage into the external medium and stele. Thus, the 
concentration of nitrate in the root at any given time 
represents a steady state in which the nitrate accumulated 
is subject to continual and ongoing change. If anything, 
the model underlines the dynamic and complex nature of the 
accumulation process. 
2_. Factors Influencing Accumulation. From the 
previous consideration of nitrate uptake and reduction and 
their relationship to accumulation, it can be inferred 
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that nitrate accumulation is subject to the same range of 
environmental variables which affect uptake and reduction. 
Of these, nitrate concentration of the medium, light, and 
temperature are most important. 
(a) Nitrate. Numerous studies have shown that 
the nitrate concentration of the external medium has a 
marked effect on accumulation, the nitrate content of 
plant tissue increasing with increasing levels of nitrate 
in the medium (5, 6, 7, 14, 15, 16, 17, 20, 29, 30, 55, 66). 
At high rates of nitrate fertilization, the nitrate content 
may level off with time (6, 7, 14, 15); this has been 
variously attributed to enhanced reduction, restricted 
uptake, or an increase in dry matter production. Under 
conditions in which the nitrate supply is witheld following 
accumulation of high levels of nitrate, the nitrate content 
may decline steadily with time as a result of reduction 
(20, 29). Crawford et al_. (20) have shown that when oats 
are grown in sand culture on a continuous supply of ni¬ 
trate, the concentration of nitrate in the tissues does 
not decline with time. 
(b) Light. The effects of light upon nitrate accu¬ 
mulation are complex. On one hand, light may enhance 
accumulation (10, 18), presumably because of its effects 
upon furnishing the energy for nitrate uptake or accelerating 
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the rate of movement of ions in the transpirational 
stream. On the other hand, light may reduce accumulation 
through its enhancement of nitrate reduction (14, 20, 29, 
78, 79, 80). Cantliffe (14) has shown that far less ni¬ 
trate is accumulated in spinach leaves at light inten¬ 
sities greater than 1600 foot candles than at lower light 
intensities; the inverse relationship between light inten¬ 
sity and nitrate accumulation was maintained through a 
range of 0 to 300 mg of nitrate-N applied per kg of soil. 
(c) Temperature. As in the case of light, the 
effects of temperature on nitrate accumulation may be com¬ 
plex since both nitrate uptake and nitrate reduction are 
influenced by temperature. In studies of nitrate assimi¬ 
lation by sorghum (29) and rye (18), low temperature and 
low light intensity gave rise to higher levels of nitrate 
in the tissue; however, nitrate accumulation may have been 
due to low light intensity in both instances. The fact 
that nitrate was found to increase with temperature at 
low light intensities indicates that reduction was being 
limited by light while uptake increased in response to 
temperature. 
At extremely high temperatures nitrate accumula¬ 
tion may be enhanced through inactivation of nitrate reduc¬ 
tase (10, 54). In studies dealing with the influence of 
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increasing temperature on nitrate uptake and the induc¬ 
tion of nitrate reductase in corn seedlings, Beevers et al. 
(10) found that the temperature optimum for nitrate reduc¬ 
tase was 30°C while nitrate uptake increased up to 45°C; 
at 45°C the activity of the enzyme was only 40% of that at 
the optimum. Thus under high temperatures, nitrate may 
accumulate because of inactivation of the nitrate reducing 
system. 
3_. Evidence for Two Nitrate Pools. There is in¬ 
creasing evidence that two pools of free nitrate exist in 
plant tissues, one of which may represent a large portion 
of the nitrate accumulated by plants. Lycklama (52), in 
his pioneering studies of nitrate uptake, noted that ni¬ 
trate accumulated by the roots of perennial ryegrass may 
be retained for several hours following cessation of ab¬ 
sorption and not be reduced. Travis et al_. (80) further 
demonstrated that nitrate reductase activity increased 
ten-fold in detached barley leaves when transferred from 
dark to light; however, little decrease in the nitrate con¬ 
tent of the leaves occurred. These results suggest that 
all of the nitrate accumulated by the plants is not subject 
to reduction. We may then ask, how is nitrate being se¬ 
questered from the nitrate reductase system? Ferrari et al. 
(25), using barley aleurone tissue, corn leaf sections, 
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and tobacco cells were able to demonstrate that only a 
very small fraction of nitrate in plant tissue is subject 
to reduction. They inferred from their studies that there 
existed a small metabolic pool and a large storage pool 
of nitrate, such that nitrate reduction ceases when the 
metabolic pool is depleted of nitrate. They concluded 
from washout kinetic studies that the reducible (metabo¬ 
lic pool) nitrate was cytoplasmic, while the nitrate un¬ 
available for reduction (storage pool nitrate) probably 
represents vacuolar nitrate. These results suggest that 
a large fraction of the nitrate accumulated by plant tissues 
may not be subject to reduction, or may be only slowly 
available during periods when the supply of exogenous 
nitrate becomes restricted. 
PART I 
PHYSIOLOGICAL BASIS OF NITRATE 
ACCUMULATION IN TWO SPINACH CULTIVARS 
INTRODUCTION 
Certain vegetable cultivars have the tendency 
to accumulate high levels of nitrate in their tissues, 
while others do not (7, 15, 16, 17, 56). In addition, 
the distribution of nitrate throughout the tissues of 
a given cultivar may not be uniform with some plant 
organs (e.g., roots, stems, petioles, and leaf blades) 
accumulating more nitrate than others (e.g., flowers 
and fruits) (4, 7, 20, 43, 56, 66, 83). It is a 
reasonable assumption that nitrate accumulates because 
of a restriction in nitrate reduction, and that the 
observed patterns of accumulation reflect the differ¬ 
ential ability of cultivars and their tissues to 
reduce nitrate. Support for this view comes from 
studies of Hageman and Flesher (30), in which they 
were able to demonstrate an inverse relationship 
between nitrate accumulation and nitrate reductase 
activity in two lines of corn. These results are 
contrary to the findings of Cantliffe (17), who was 
not able to correlate nitrate reductase activity with 
the nitrate content of spinach leaf tissue in 31 
cultivars and plant introductions. Thus, differences 
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in nitrate reductase activity may not always adequately 
explain the differences in nitrate accumulated be¬ 
tween lines. Additional factors which may account 
for the observed differences in nitrate accumulation 
include: (a) rates of nitrate uptake, (b) rates of 
uptake of other elements required in assimilation, or 
(c) differences in ability to synthesize electron 
donors required for assimilation (17) . 
The present study attempts to account for 
differences in nitrate accumulation in two spinach 
cultivars on the basis of (a) the distribution and 
activity of nitrate reductase since this enzyme is 
the first enzyme in the pathway for the reduction of 
nitrate in plants, and (b) the rates of nitrate uptake 
and assimilation by the roots, since nitrate accumula¬ 
tion by the shoots reflects the ability of the roots 
to absorb nitrate from the external medium and to 
reduce it prior to translocation to the above-ground 
parts of the plant. 
The spinach (Spinacia oleracea L.) cultivars 
chosen for this investigation include a smooth- 
leaf form (Hybrid 424) and a savoy-leaf form (America). 
Previous studies have shown that these cultivars 
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differ markedly in their ability to accumulate 
nitrate, smooth-leaf spinach cultivars being low 
nitrate accumulators, while savoy-leaf spinach cul¬ 
tivars are high nitrate accumulators (7, 15, 16, 56). 
The investigation consists of several 
related studies: (a) Comparison of the effects 
of increasing nitrate concentrations in the rooting 
medium upon growth and nitrate accumulation, (b) 
identification of the principal sites of accumula¬ 
tion, (c) correlation between the distribution 
and activity of nitrate reductase and the sites of 
nitrate accumulation, and (d) comparison of the 
effec-ts of increasing nitrate concentrations in the 
rooting medium upon the nature of the nitrogenous 
components of the xylem sap. 
MATERIALS AND METHODS 
Plant Material. Seeds of spinach cv. America 
and cv. Hybrid 424 were planted in 2200 g of a 1:1 
(w/w) mixture of quarzite and silica sand (Pennsylvania 
Glass Sand Corp.) in 6-inch plastic azalea pots. The 
pots were watered for a period of one week with de¬ 
ionized water until the seeds had germinated. Fol- 
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lowing emergence of the seedlings, the young plants were 
thinned to four plants per pot and then furnished with 
three levels of nitrate—10, 50, or 250 ppm NO^-N— 
along with other required nutrients contained in full- 
strength Hoagland's solution (37). In the various 
treatments, Ca, Mg, K, P, S, and minor elements were 
held constant, while chloride and nitrate varied with 
treatments. Plants were grown to an age of six weeks 
when symptoms of severe nitrogen deficiency had de¬ 
veloped in the plants receiving the low nitrate treat¬ 
ment . 
Plants used in the yield, nitrate determin¬ 
ation, and the xylem exudate studies were grown in a 
greenhouse maintained at a night temperature of 16 + 
3°C and a day temperature of 24 + 3°C. Plants used 
in the nitrate reductase studies were grown in a 
growth chamber under a 12-hour photoperiod at a light 
intensity of 1800 foot-candles, with a dark-period 
temperature of 16 + 1°C and a light-period tempera¬ 
ture of 24 + 1°C. 
Yield. At harvest, plants were divided into 
roots, petioles, and leaf blades, and their fresh 
weights recorded. The plant tissues were then dried 
in a 65°C forced-draft oven for 48 hours, following 
■% 
which their dry weights were determined. 
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Nitrate Determination. The dried plant tissue 
from above was finely powdered using a mortar and 
pestle. The nitrate content of the tissue was then 
determined using a modification of the phenoldisulfonic 
acid method of Humphries (41). The sample extraction 
period was reduced from 2 hours to 30 minutes by using 
a Burrell wrist-action shaker at a rate of 120 cycles 
per minute. Samples were evaporated to dryness over¬ 
night in a 60°C oven. After being made to volume, 
sample absorbances were determined at a wave length 
of 410 nm using a Beckman DU-2 spectrophotometer, and 
the nitrate contents estimated from a standard cali¬ 
bration curve. 
The nitrate concentration of the tissue was 
calculated as ppm NO^-N per unit fresh weight of 
tissue. 
Nitrate Reductase Activity. Samples of fresh 
plant tissue were harvested, weighed, and frozen 
immediately at -15°C for 30 minutes or longer. The 
tissue was then extracted according to the method of 
Wallace and Pate (82) except that the medium was 
-2 
1 x 10 M in cysteine. This level of cysteine was 
required for maximum protection of the enzyme as 
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lower concentrations in the medium resulted in de¬ 
creased enzyme activity, particularly in the roots. 
Addition on polyvinylpyrrolidone to the extraction 
medium in order to eliminate interference by phenolic 
inhibitors was without effect. Following extraction, 
macerates were squeezed through four layers of cheese¬ 
cloth and the extracts spun in a refrigerated centri¬ 
fuge for 15 minutes at 27,000 x g. The crude extracts 
were then transferred to 12 ml graduated conical 
centrifuge tubes and their volumes recorded. The 
extracts were maintained on crushed ice until required 
for assay. 
The enzyme assay procedure was the same as 
that of Wallace and Pate (82) except that 0.5 ml of 
-3 
1.25 x 10 M NADH was required to obtain mazimum en¬ 
zyme activity. Sample absorbances were determined 
at 540 nm using a Beckman DU-2 spectrophotometer, and 
the nitrite contents estimated from a standard cali¬ 
bration curve. 
Activity of the enzyme was calculated as nano¬ 
moles nitrite produced per hour, and the results are 
expressed on the basis of fresh weight, unit weight 
of protein, or as total activity in a particular 
plant organ. 
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Protein Determination. Portions of the crude 
extract from above were precipitated with trichloro¬ 
acetic acid (final concentration 5%, w/v), washed with 
5% trichloroacetic acid, and defatted with ethanol- 
ether-chloroform (2:1:1 by volume) (42). The final 
residue was dissolved in 0.1 N NaOH and assayed by the 
method of Lowry et al. (51), using bovine serum albumin 
as the standard. Sample absorbances were determined at 
500 nm using a Beckman DU-2 spectrophotometer, and the 
protein contents estimated from a standard calibration 
curve. 
The protein concentration was calculated as mg 
per g fresh weight of tissue. 
Sap Analysis. Samples of 40 plants were sel¬ 
ected for each sap collection. Shoots were excised at 
ground level and the first drop of exudate discarded. 
Xylem exudate was collected continuously for 6 to 8 
hours following excision by allowing bleeding sap to 
accumulate in glass tubes attached to the decapitated 
plants with latex rubber tubing (63). Samples were 
bulked at the end of the collection period, and the 
volume of exudate, number of bleeding plants, and the 
collection period were recorded. The samples were 
frozen immediately at -15°C until required for analysis. 
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Nitrate was determined by pipetting a 0.5 ml 
aliquot of sap into a 50 ml beaker and evaporating it to 
dryness in a 60°C oven. After cooling, 4.5 ml of 0.35% 
silver sulfate was added, followed by 0.5 ml of 1.0M 
monobasic sodium phosphate (pH 6.5). The remaining 
procedure was the same as that outlined under Nitrate 
Determination. 
Ammonia was determined using a modification of the 
microdiffusion technique of Kenten (47). A 0.1 ml 
aliquot of plant sap was required for the analysis. The 
absorbent used was 1 % boric acid containing a bromcresol 
green/methyl red mixed indicator (2). The titrant em¬ 
ployed was 0.01785 N When the sample contained 
less than 5yg of NH^-N, this was diluted ten-fold for 
detection of NH^-N in the range of 0.5 to 5 yg. The 
titration was performed using a 2.0 ml Gilmont microburet. 
Amino acids and amides were determined by gas- 
liquid chromatography. Amino acids were determined as 
their N-trifluoroacety1 n-butyl esters (68), while 
glutamine and asparagine were determined as their tri¬ 
methyl silyl derivatives. These analyses were conducted 
by Analytical Biochemistry Laboratories, Columbia, 
Missouri. 
31 
Total nitrogen was estimated by a micro-Kjeldahl 
procedure modified to include nitrate (2, 12, 41). A 
0.1 ml sample of plant sap was used in the reduction step. 
Titration was carried out using a 2.0 ml Gilmont micro¬ 
buret containing 0.01785 N KH(10^)2 (0*10 ml = 25 yg 
nitrogen). 
The concentrations of amino acids, amides, 
ammonia, nitrate, and total nitrogen were calculated as 
yg of nitrogen per ml of sap, and the results are ex¬ 
pressed as yg of nitrogen per plant per hour. 
Statistical Analysis. The experimental design 
was completely random with treatments replicated five 
times in each experiment except the xylem exudate studies 
where volumes of sap were bulked. Treatment means and 
standard errors of the means were computed. The t-test 
was used to determine the significance of the difference 
between treatment means (76). 
RESULTS AND DISCUSSION 
When spinach plants were grown at 10, 50, and 
250 ppm NO^-N, there were marked differences in the size 
and appearance of the plants (Figures 1 and 2). Com¬ 
pared with plants grown at 250 ppm NO^-N, those grown 
at 10 ppm were reduced in stature and possessed a much 
SPINACIA OLERACEA CV. AMERICA 
Spinach cv. America grown at 10, 
250 ppm NO^-N. 
Figure 1. 50, and 
Spinach cv. Hybrid 424 grown at 10, 
250 ppm NO^-N. 
Figure 2. 50, and 
34 
smaller leaf surface area. Although the upper leaves of 
the low nitrate treatment plants appeared a normal dark 
green, the lower leaves were chlorotic and exhibited a 
marginal necrosis which was followed by drying to a 
light tan color. Spinach plants grown at 50 ppm NO^-N 
possessed a larger leaf surface area and uniformily 
dark green leaves, except for the lowermost ones, which 
appeared chlorotic. At 250 ppm NO^-N, plants were 
larger, more succulent, dark green in color, and ex¬ 
hibited no chlorosis. The observed increase in growth 
with increasing nitrate in the rooting medium is sup¬ 
ported by the data in Tables 1 and 2, which reveal an 
overall increase in fresh and dry weights with increasing 
nitrate concentration. The growth response of leaf 
blade tissue to increasing nitrate was particularly 
marked. 
Comparison of spinach cultivars grown at the 
same nitrate levels (Figures 1 and 2) suggested that 
Hybrid 424 was higher yielding than America, especially 
at the intermediate and high nitrate levels. This 
observation is supported by the data in Table 1 which 
show that the fresh weights of all tissues of Hybrid 
424 exceeded those of America at 50 and 250 ppm NO^-N. 
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Table 1. Fresh weight of spinach grown on three levels 
of nitrate nutrition. ^/ 
Treatment Tissue 
(ppm NO^-N) 
Fresh Weight 
America Hybrid 424 
g/pot 
Blades 3.61 + 0.16 z / a _/ 3.33 + 0.04 a 
10 Petioles 0.44 + 0.04 a 0.57 + 0.02 b 
Roots 4.28 + 0.12 a 2.57 + 0.06 b 
Blades 12.76 + 0.64 a 19.97 + 0.63 b 
50 Petioles 2.40 + 0.17 a 5.45 + 0.24 b 
Roots 13.48 + 0.36 a 18.58 + 0.86 b 
Blades 30.78 + 1.54 a 53.23 + 2.46 b 
250 Petioles 6.52 + 0.36 a 21.87 4- | 1.16 b 
Roots 13.23 + 0.52 a 26.89 
I T 2.21 b 
^_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05) . 
^_/ Value following each mean denotes standard error 
of the mean. 
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Table 2. Dry weight of spinach grown on three levels 
of nitrate nutrition. ^/ 
Treatment Tissue 
(ppm NO^-N) 
Dry Weight 
America Hybrid 424 
g/pot 
Blades 0.36 + 0.02 - z/ 0.25 + 0.00 b 
10 Petioles 0.04 JL i 0.00 a 0.05 + 0.00 a 
Roots 0.35 + 0.02 a 0.17 i _ 0.01 b 
Blades 1.41 + 0.08 a 1.95 _L_ i 0.06 b 
50 Petioles 0.25 + 0.02 a 0.48 + 0.02 b 
Roots 0.98 + 0.02 a 1.43 + 0.13 b 
Blades 3.08 + 0.19 a 6.53 + 0.35 b 
250 Petioles 0.50 + 0.03 a 2.02 + 0.12 b 
Roots 0.88 + 0.03 a 2.64 + 0.22 b 
^/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
_/ Value following each mean denotes standard error 
of the mean. 
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At 250 ppm NO^-N, growth of leaf blades, petioles, and 
roots of Hybrid 424 exceeded that of America by 1.7, 
3.4, and 2.0 times, respectively. In a similar manner, 
the dry weight (Table 2) of all tissues of Hybrid 424 
exceeded that of America at the intermediate and high 
nitrate levels. 
The nitrate concentration in the tissues of both 
cultivars remained low in plants grown on 10 and 50 ppm 
NO^-N (Table 3). At the low and intermediate nitrate 
levels, roots were the major site of accumulation. At 
250 ppm NO^-N, there was a marked increase in nitrate 
accumulation by both cultivars (Table 3). Furthermore, 
the pattern of nitrate accumulation at the high nitrate 
level was not uniform, petioles accumulating more nitrate 
than roots, and roots accumulating more nitrate than 
leaf blades. These results agree with the findings of 
Jackson et al. (43) who surveyed the nitrate contents of 
fresh market vegetables and found that the average ni¬ 
trate content of petioles exceeded that of roots, and 
that the average nitrate content of roots exceeded that 
of leaves. A similar pattern of nitrate accumulation in 
the cocklebur has been reported by Wallace and Pate (83), 
who found that the nitrate content of the tissues de¬ 
creased in the order: petioles, stems, roots, and leaf 
blades. 
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Table 3. Nitrate concentration in spinach grown on 
three levels of nitrate nutrition. ^/ 
Treatment Tissue Nitrate Concentration 
(ppm NO^ N) America Hybrid 424 
ppm NO^-N, fr wt 
Blades 1.2 0.7 z / a _/ 5.8 + 0.6 b 
10 Petioles 3.1 + 2.4 a 4.1 + 0.8 a 
Roots 33.6 + 2.2 a 7.0 + 0.7 b 
Blades 2.3 + 1.6 a 11.4 + 0.8 b 
50 Petioles 10.2 + 5.0 a 13.5 + 0.4 a 
, Roots 103.8 + 13.9 a 31.2 + 3.0 b 
Blades 394.2 + 46.8 a 121.8 + 15.7 b 
250 Petioles 1302.0 + 28.6 a 458.1 + 34.3 b 
Roots 814.7 + 34.9 a 313.4 + 9.2 b 
Means not sharing the same letter within rows are 
significantly different (P < 0.5). 
Value following each mean denotes standard error 
of the mean. 
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It is interesting to note that in both cultivars 
grown on 250 ppm NO^-N an inverse relationship exists 
between the growth response of individual tissues and 
their nitrate contents (compare Tables 1 and 3). This 
suggests that the observed pattern of nitrate accumu¬ 
lation in a given cultivar may be the result of a con¬ 
centration effect, nitrate accumulating to higher levels 
in those tissues whose growth has been restricted. 
A low level of nitrate accumulation was character¬ 
istic of both cultivars at 10 and 50 ppm NO^-N; however, 
more nitrate accumulated in the tissues of America than 
in Hybrid 424 at 50 ppm NO^-N (Table 3). At 250 ppm 
NO^-N, there was a dramatic increase in the nitrate 
content of both cultivars, accumulation of nitrate by 
America becoming almost three times as great as that of 
Hybrid 424 (Table 3). These results underline the 
marked differences in nitrate accumulating ability which 
exist between the savoy-leaf and the smooth-leaf cul¬ 
tivars and confirm the findings of other workers who 
noted the relationship between leaf-type and nitrate 
accumulating ability in other spinach cultivars (7, 15, 
16, 56) . 
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As in the case of the differential ability of 
tissues within a given cultivar to accumulate nitrate, 
these results may be interpreted on the basis of a 
concentration effect. In other words, since the growth 
attained by America on 250 ppm NO^-N was far less than 
that of Hybrid 424, the higher level of nitrate accu¬ 
mulated by America might have been the result of re¬ 
stricted growth (compare Tables 1 and 3). An alterna¬ 
tive interpretation would be that higher levels of 
nitrate in a given tissue or cultivar are the result of 
a restriction in nitrate reduction; evidence to support 
the latter view was derived from comparative studies of 
nitrate reductase activity in the tissues of both 
cultivars. 
The nitrate reductase activity in the tissues of 
America and Hybrid 424 grown on 10, 50, and 250 ppm 
NO^-N are given in Table 4. In general, there was an 
overall increase in enzyme activity with increasing 
nitrate concentration in the medium. Of particular 
interest is the fact that the inducibility of the enzyme 
varied with each tissue. In both cultivars nitrate 
reductase activity of the roots was least responsive to 
increasing levels of nitrate in the medium, whereas 
activity in the leaf blades increased dramatically. 
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Table 4. Nitrate reductase activity per unit fresh 
weight in spinach grown on three levels of 
nitrate nutrition. ^/ 
Treatment Tissue Nitrate Reductase Activity 
(ppm NCA-N) - 
America Hybrid 424 
nanomoles NO^ hr ~^g ^ fr wt 
Blades 4425 + 428 z / a _/ 1700 + 267 b 
10 Petioles 5035 t 320 a 2009 + 186 b 
Roots 325 + 34 a 178 + 30 b 
Blades 9352 + 607 a 11943 + 443 b 
50 Petioles 4131 JL » 91 a 3307 + 200 b 
Roots 724 + 99 a 194 + 7 b 
Blades 10939 + 510 a 16277 + 909 b 
250 Petioles 5389 + 390 a 5333 i 180 a 
Roots 492 + 40 a 488 + 51 a 
y 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
2 
_/ Value following each mean denotes standard error 
of the mean. 
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particularly in Hybrid 424. These results confirm the 
findings of other workers who have found that the enzyme 
is more inducible in leaves than in roots (4, 6, 70, 71, 82, 
83). It has been suggested by Wallace and Pate (82) that 
the nitrate assimilatory capacity of the root may de¬ 
cline because of a decrease in the supply of carbon 
skeletons from the shoot system. This would be partic¬ 
ularly true under conditions in which nitrate assimil¬ 
ation by the shoots is high and available carbohydrate 
is rapidly utilized in the generation of electron donors 
and in the synthesis of amino acids, proteins, and 
nucleotides. 
At 250 ppm NO--N, the nitrate reductase activity 
of the tissues within a given cultivar was inversely 
related to their nitrate contents, except for roots 
(compare Tables 3 and 4). These results suggest that the 
low levels of nitrate observed in leaf blades are the 
consequence of a high nitrate reductase activity; in 
contrast, the relatively higher levels of nitrate in 
petioles may reflect the lower nitrate reductase activ¬ 
ity in that tissue. Based upon this reasoning, the 
nitrate content of roots should have exceeded that of 
leaf blades and petioles since nitrate reductase activity 
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was lowest in roots. It has been suggested by Wallace 
and Pate (83) that, in the presence of low nitrate reduc¬ 
tase activity, the relatively low levels of nitrate in 
roots might be explained by rapid uptake and translocation 
of nitrate to the shoots. 
Comparing the nitrate reductase activity of 
America with Hybrid 424 at 250 ppm N0o-N, there was no 
significant difference in activity between petioles and 
roots of both cultivars (Table 4). The nitrate reduc¬ 
tase activity in leaf blades of Hybrid 424, however, 
exceeded that of America by 50%. In contrast, the 
specific activity of the enzyme at 250 ppm N0o-N, ex¬ 
pressed on a protein basis, was the same in leaf blades 
and roots of both cultivars, while the specific activity 
of the enzyme in petioles of Hybrid 424 was slightly higher 
than in America (Table 5). Can these small differences 
in enzyme activity between cultivars account for the 
much lower levels of nitrate accumulated by Hybrid 424 
grown on 250 ppm NO^-’N compared with America? If the 
total activity of the enzyme per plant is compared for 
America and Hybrid 424, the differences in assimilatory 
capacity between cultivars become more apparent (Table 6) . 
At 250 ppm NO^-N, the total nitrate reductase activity in 
the leaf blades, petioles, and roots of Hybrid 424 
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Table 5. Nitrate 
protein 
nitrate 
reductase activity per unit weight of 
in spinach grown on three levels of 
nutrition. ^/ 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Reductase Activity_ 
America Hybrid 424 
nanomoles NO^ hr '*"mg ~ protein 
Blades 674 + 
10 Petioles 1351 + 
Roots 303 + 
Blades 816 + 
50 Petioles 1294 + 
Roots 412 + 
Blades 805 + 
250 Petioles 1340 + 
Roots 248 + 
23 a _/ 417 76 b 
28 a 871 + 46 b 
37 a 157 + 24 b 
29 a 775 + 16 a 
16 a 1170 “7” 40 b 
31 a 126 + 7 b 
19 a 886 T 31 a 
13 a 1766 + 74 b 
18 a 224 + 20 a 
y 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
Value following each mean denotes standard error 
of the mean. 
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Table 6. Total nitrate reductase activity per plant in 
spinach grown on three levels of nitrate 
nutrition. ^/ 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Reductase Activity 
America _ Hybrid,424 
nanomoles N02 hr plant"-1- , fr wt 
Blades 3989 
10 Petioles 550 
Roots 349 
Blades 29808 
50 Petioles 2483 
Roots 2441 
Blades 84000 
250 Petioles 8871 
Roots 1638 
+ 407 2 / a _/ 1410 + 220 b 
42 a 283 i T 22 b 
+ 41 a 115 i 21 b 
+ 2929 a 59625 2859 b 
+ 197 a 4546 J- 456 b 
+ 336 a 900 + 55 b 
+ 5044 a 214460 + 3348 b 
+ 1024 a 29365 X 2432 D 
+ 194 a 3366 + 527 b 
£/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
2 
_/ Value following each mean denotes standard error 
of the mean. 
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exceeded that of America by 2.5, 3.3, and 2.1 times, 
respectively. Although there was no significant 
difference in the total activity of the enzyme in roots 
between cultivars, a trend toward higher activity was 
present in the roots of Hybrid 424 (Table 6). One might 
therefore account for differences in nitrate accumulation 
between the savoy-leaf and smooth-leaf spinach cultivars 
on the basis of differences in total reductive capacity. 
Since the relative rates of nitrate uptake and 
reduction determine the extent to which nitrate is 
accumulated, one might also explain the higher nitrate 
accumulating ability of America by assuming that the 
rate of nitrate uptake by America exceeded that of Hybrid 
424. Examination of the data in Tables 7 and 8 does not 
support this interpretation, however. At all levels of 
NO-^-N in the medium, the export of nitrate from the roots 
of Hybrid 424 exceeded that of America. 
In addition to nitrate, other nitrogenous con¬ 
stituents of the xylem sap accounted for a small fraction 
of the nitrogen translocated from roots to shoot; the 
most important of these were glutamic acid and glutamine, 
along with lesser amounts of ammonia and other amino 
acids (Tables 7 and 8). It is significant that aspar¬ 
tic acid appeared among the nitrogenous constituents 
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Table 7. Analysis of the nitrogenous fraction of bleeding 
sap collected from spinach cv. America. 
Sap _ 
Component 
10 
Treatment 
50 250 
ppm NO^-N 
ygN 
ml '''sap 
ygNhr ^ 
plant 
ygN ygNhr ^ 
ml "^sap plant ^ 
ygN 
_ ]_ 
ml sap 
ygNhr 
plant 
ala 0.298 0.006 1.413 0.128 0.785 0.195 
val 1.536 0.031 3.120 0.283 3.120 0.777 
gly trace • • • trace • • • trace • • • 
ile 0.770 0.015 2.119 0.192 2.247 0.560 
leu 1.883 0.038 4.098 0.372 4.280 1.066 
pro 0.256 0.005 0.561 0.051 0.976 0.243 
thr 0.897 0.018 1.817 0.165 1.770 0.441 
ser 0.732 0.015 2.474 0.224 1.064 0.265 
met 0.367 0.007 0.536 0.049 0.470 0.117 
horn 0.000 • • • 0.000 • • • 0.000 • • • 
<}>ala 0.110 0.002 0.221 0.020 0.255 0.063 
asp 1.270 0.025 1.995 0.181 2.835 0.706 
glu 56.012 1.120 33.906 3.075 18.240 4.542 
tyr 0.208 0.004 0.477 0.043 0.539 0.134 
lys 2.477 0.050 4.512 0.409 4.800 1.195 
his 1.057 0.021 2.032 0.184 4.065 1.012 
arg 0.995 0.020 1.188 0.108 trace • • • 
gluNH„ 8.141 0.163 86.400 7.836 16.480 15.060 
aspNH^ 0.000 • • • 0.000 • • • 0.000 • • • 
i +
 a
 
s
 2.120 0.042 6.000 0.544 7.000 1.743 
n°3- 233.300 4.670 238.600 24.930 234.100 58.290 
Total 312.429 6.252 391.469 38.794 347.026 86.409 
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Table 8. Analysis of the nitrogenous fraction of 
bleeding sap collected from spinach cv. 
Hybrid 424. 
„ Treatment 
Sap - 
Component 10 50 250 
ppm NO^-N 
ygN 
ml ^sap 
ygNhr ^ 
plant ^ 
ygN ygNhr ^ 
ml "'"sap plant ^ 
ygN 
ml ^"sap 
_ n 
ygNhr 
plant ^ 
ala 0.424 0.010 0.691 0.096 1.036 0.210 
val 0.852 0.020 1.224 0.169 2.460 0.499 
gly trace • • • 0.298 0.041 trace • • • 
ile 0.374 0.009 0.738 0.102 1.466 0.297 
leu 1.049 0.025 1.798 0.249 2.985 0.605 
pro 0.256 0.006 0.403 0.057 0.512 0.104 
thr 0.354 0.008 0.590 0.082 1.392 0.282 
ser 0.811 0.019 0.811 0.112 1.503 0.305 
met 0.000 • • • 0.160 0.022 0.188 0.038 
horn 0.000 • • • 0.000 • • • 0.000 • • • 
<f>ala 0.076 0.002 0.110 0.015 0.162 0.033 
asp 0.504 0.012 1.071 0.148 1.575 0.319 
glu 7.372 0.175 4.294 0.594 5.339 1.082 
tyr 0.139 0.003 0.116 0.016 0.416 0.084 
lys 0.979 0.023 3.129 0.433 3.226 0.654 
his 1.870 0.044 3.306 0.457 3.333 0.676 
arg 1.284 0.030 1.637 0.226 1.509 0.306 
gluNH 87.744 2.088 109.594 15.157 103.027 20.884 
aspNH^ 0.000 • • • 0.000 • • • 0.000 • • • 
nh4+ 3.380 0.080 5.250 0.726 30.000 6.081 
no3" 241.700 5.752 234.850 32.480 343.500 69.627 
Total 349.168 8.306 370.070 51.182 503.629 102.086 
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of the xylem sap, yet no asparagine was present. These 
observations indicate that glutamic acid and its corres¬ 
ponding amide are the principal forms in which most of 
the organic nitrogen is translocated from the roots of 
spinach. In this respect, spinach is similar to cucumber, 
sunflower, barley, balsam, and Perilla (61, 62, 83, 84). 
Although the rate of expert of nitrate from the 
roots of both cultivars increased with the level of 
nitrate in the rooting medium, the ratio of nitrate- 
nitrogen to reduced-nitrogen remained remarkably con- 
stand over the range of 10 to 2 50 ppm hO,-N (Tables 5 
and 10). Approximately 65-75% of the total nitrogen in 
the xylem sap v/as in the nitrate form, indicating that 
the roots of spinach possess only a limited reductive 
capacity. These results agree v/ith the observation that 
the nitrate reductase activity of spinach roots is lov/ 
and is not as inducible as the enzyme in leaf blades 
and petioles. Since the roots of spinach do not 
possess a very active nitrate reductase, this may also 
explain why spinach, in general, tends to accumulate 
high levels of nitrate in its leaves. 
If the roots of spinach possess only a limired 
reductive capacity, then one would expect that as the 
nitrate concentration of the external medium v/as in- 
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Table 9. Major nitrogenous constituents of bleeding 
sap collected from spinach cv. America. 
Treatment 
Component 10 50 250 
ppm NO^-N 
ugN hr ^ % of ygN hr ^ % of ugN hr *6 Oi 
plant ^ total plant ^ total ^“1 plant total 
amino-N 1.38 22 5.48 14 11.32 13 
amide-N _/ 0.16 3 7.84 20 15.06 17 
NH3"N 0.04 1 0.54 2 1.74 2 
N03-N 4.67 74 24.93 64 58.29 68 
Total 6.25 38.79 86.41 
glutamine 
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Table 10. Major nitrogenous constituents of bleeding 
sap collected from spinach cv. Hybrid 424. 
Treatment 
Component 
10 50 
ppm N03~N 
250 
-1 -1 -1 
ygN hr % of ygN nr % of ygN hr % of 
plant ^ total plant ^ total 
, . -1 plant: total 
amino-N 0.39 5 2.81 6 5.50 5 
amide-N X/ 2.09 25 15.16 29 20.88 21 
NH3-N 0.08 1 0.73 1 6.08 6 
N03-N 5.75 69 32.48 64 69.63 68 
Total 8.31 51.18 102.09 
/ glutamine 
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creased, the ratio of nitrate-nitrogen to reduced-nitro¬ 
gen in the xylem sap would likewise increase. Such was 
not the case, however, as evidenced by the relatively 
constant ratio of nitrate-nitrogen to reduced-nitrogen 
in both spinach cultivars (Tables 9 and 10). Heimer and 
Filner (32) have found that nitrate uptake by tobacco 
cells is subject to end product inhibition by amino 
acids; thus, nitrate influx in spinach may be controlled 
by the products of its assimilation, thereby preventing 
excessive uptake of nitrate under conditions of high 
nitrate concentration in the external medium. This 
control system may, at least in part, account for the 
relatively constant ratio of nitrate-nitrogen to 
reduced-nitrogen over the wide range of nitrate treat¬ 
ments used in this study. 
In summary, the results of the present investi¬ 
gation suggest that: 
(a) Nitrate accumulation occurs under conditions 
of a high exogenous supply of nitrate. 
(b) Accumulation in the tissues of a given 
cultivar is not uniform, petioles accumulating more 
nitrate than roots, and roots accumulating more nitrate 
than leaf blades. 
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(c) In comparing tissues within a given cultivar, 
there is, in general, an inverse relationship between 
nitrate reductase activity of a tissue and the level to 
which it accumulates nitrate; roots appear to be an 
exception, however, since they possess lower nitrate 
levels than expected, presumably because of rapid trans¬ 
location of nitrate to the shoots. 
(d) Spinach leaves receive high levels of 
nitrate as a result of the limited reductive capacity of 
the roots. 
(e) Nitrate is the principal form in which 
nitrogen is translocated and stored in spinach under 
conditions of a high external nitrate supply. 
(f) Cultivar differences in ability to accumu¬ 
late nitrate may be related to their total reductive 
capacities. Hybrid 424 accumulating less nitrate than 
America since its reductive capacity is more than twice 
that of America. 
(g) Cultivars differing in their ability to 
accumulate nitrate might be distinguished on the basis of 
their leaf morphology and growth rates. Hybrid 424, a 
low nitrate accumulator, is smooth-leaved and grows 
twice as rapidly as America. America, a high nitrate 
accumulator, is savoyed-leaved and much slower growing. 
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From a nutritional and cultural standpoint, the 
results of this investigation suggest that Hybrid 424 is 
a more desirable cultivar than America since it is (a) 
lower in free nitrate, (b) higher in leaf blade protein 
(Table 11), and (c) higher yielding. Whether all of 
these desireable features are associated with other 
smooth-leaf forms of spinach is not well established. 
From studies employing a much larger sample of 
spinach cultivars, there are indications that leaf 
morphology and nitrate accumulating ability are def¬ 
initely related (A. V. Barker and D. N. Maynard, personal 
communication). Selection of low nitrate accumulating 
spinach cultivars might therefore be based upon leaf 
morphology and growth rates. 
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Table 11. Protein content of spinach grown on three 
levels of nitrate nutrition. 
Treatment Tissue 
(ppm NO^-N) 
Protein Content 
America ^ Hybrid 424 
mg protein g ^ fr wt 
Blades 6.56 + 0.57 2 / a _/ 4.21 + 0.25 b 
10 Petioles 3.72 + 0.22 a 2.29 + 0.10 b 
Roots 1.08 + 0.05 a 1.12 + 0.02 a 
Blades 11.43 + 0.48 a 15.40 + 0,28 b 
50 Petioles 3.30 + 0.04 a 2.82 + 0.12 b 
Roots 1.73 + 0.12 a 1.55 -L i 0.05 a 
Blades 13.56 + 0.37 a 18.34 + 0.62 b 
250 Petioles 4.01 + 0.24 a 3.03 + 0.06 b 
Roots 1.S9 + 0.13 a 2.17 + 0.06 a 
Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
2 
_/ Value following each mean denotes standard error 
of the mean. 
PART II 
PHYSIOLOGICAL BASIS OF NITRATE 
ACCUMULATION IN CUCUMBER AND PEA 
INTRODUCTION 
It has been shown in the previous study that differ¬ 
ences in nitrate accumulation may exist between cultivars 
of a given species and between tissues of a given cultivar 
(62). Furthermore, these differences in patterns of ni¬ 
trate accumulation may be accounted for by differences in 
the distribution and activity of nitrate reductase in the 
plant. It has also been shown in a number of other studies 
that unrelated species may differ in their ability to accu¬ 
mulate nitrate (6, 15, 20, 55, 82, 83). For example, Craw¬ 
ford et ctL. (20) have demonstrated small but significant 
differences in nitrate accumulated by oats, rye, wheat, 
and barley. In vegetable crops, Cantliffe (15) noted a very 
large and significant difference in nitrate accumulated by 
the leaves of radish and spinach, the average nitrate content 
of radish leaves exceeding that of spinach by 7 times, even 
though the rate of nitrate fertilization of spinach was 
twice that of radish. In a comparative study of cucumber 
and pea. Barker and Maynard (6) have shown that the roots 
and leaves of cucumber accumulate significantly higher levels 
of nitrate than pea. They also found that extracts of cucum¬ 
ber roots were 10 times more active in nitrate reduction 
than pea root extracts, while cucumber leaf extracts were 
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4 times more active than pea leaf extracts. Since plants 
with roots high in nitrate reductase activity would be 
expected to translocate upward more organic nitrogen and 
less nitrate than ones with roots low in nitrate reductase, 
these results were contrary to those expected. It was 
suggested that pea tissues may contain an inhibitor of 
nitrate reductase and that different assay procedures may 
be required in order to demonstrate a more active re¬ 
ductase system in pea. Pea tissues, in addition, are high 
in amides, and it was postulated that high levels of 
glutamine and asparagine may also be among the factors 
governing the level of nitrate reductase activity in pea 
(6). Regulation of nitrate reductase activity by exo¬ 
genous amino acids and amides has been demonstrated in 
tobacco pith cells and Lemna minor (26, 77); on the 
other hand, amino acids and amides were found to have no 
inhibitory effect upon the enzyme in radish cotyledons 
and corn seedlings (10, 42). Thus, the evidence for 
feedback control of nitrate reductase activity in plants 
is conflicting, and whether endogenous levels of amino 
acids and amides are sufficiently high to bring about 
this regulation is not clear. 
Although it has been demonstrated that differences 
in nitrate accumulating ability do exist between unrelated 
species, the internal factors governing these differences 
are poorly understood. It is a reasonable assumption that 
59 
nitrate accumulates because of a restriction in nitrate 
reduction and that the observed patterns of accumulation re¬ 
flect the differential ability of species and their tissues 
to reduce nitrate. 
Using the same approach employed in the investigation 
of nitrate accumulation in spinach (62) , the present study 
attempts to account for differences in nitrate accumulation 
in pea and cucumber on the basis of (a) the distribution and 
activity of nitrate reductase, and (b) the rates of nitrate 
uptake and assimilation by the roots. 
Cucumber cv. Marketmore and pea cv. Frosty were 
chosen for this study since it had been previously shown that 
these differ markedly in their nitrate accumulating ability, 
cucumber being a high nitrate accumulator, while pea is a 
low nitrate accumulator (6). 
The investigation consists of several related 
studies: (a) comparison of the effects of increasing ni¬ 
trate concentrations in the rooting medium upon growth and 
nitrate accumulation, (b) identification of the principal 
sites of accumulation, (c) correlation between the distribu¬ 
tion and activity of nitrate reductase and the sites of ni¬ 
trate accumulation, and (d) comparison of the effects of in¬ 
creasing nitrate concentrations in the rooting medium upon 
the nature of the nitrogenous constituents of the xylem sap. 
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MATERIALS AND METHODS 
Methods used in the determination of yield, 
nitrate, protein, and sap analysis were identical to 
those employed in the previous study (62). 
Plant Material. Plants were cultured as pre¬ 
viously described (62) except that they were harvested at 
an age of four weeks. Growth of plants for a longer 
period resulted in flowering and, since uptake and 
assimilation of nitrogen by roots is known to be severely 
curtailed at flowering of annual plants, harvest at four 
weeks of age avoided this problem (64). As shown by 
Hofstra (39) for tomato, it is the presence of fruits on 
the plant which is responsible for the reduction in up¬ 
ward flow of nitrogen. 
Nitrate Reductase Activity. Assay for nitrate 
reductase activity was carried out as previously described 
(62) except that the medium used in extraction of the 
-3 
enzyme from pea was 1 x 10 M in cysteine. Higher levels 
of cysteine in the extraction medium resulted in a 
reduction of nitrate reductase activity. The cysteine 
requirement of the enzyme extracted from garden pea 
contrasts sharply with that of the field pea, where 
-5 
maximum activity requires the presence of only 10 M 
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cysteine and activity is completely inhibited by levels 
-3 -2 
of cysteine in the 10 to 10 M range (82). Field pea 
tissues are rich in glutathione, and Pate (82) suggests 
that this peptide might function as an endogenous 
stabilizer of the enzyme. This may also explain the 
lower cysteine requirement of pea used in this study 
compared with cucumber. 
Addition of polyvinylpyrrolidone to the ex¬ 
traction medium in order to eliminate interference by 
phenolic inhibitors was without effect. 
RESULTS AND DISCUSSION 
When pea and cucumber plants were grown at 10, 
50, and 250 ppm NO^-N, there were marked differences in 
the size and appearance of the plants (Figures 1 and 2). 
Cucumber plants grown on 10 ppm NO^-N were reduced in 
stature and had a much smaller leaf surface area com¬ 
pared with plants grown on 250 ppm NO^-N. In addition, 
the low nitrate treatment plants possessed chlorotic 
cotyledons and pale green leaves with chlorotic margins. 
Cucumber plants grown on 50 ppm were taller and pos¬ 
sessed a greater leaf surface area and uniformly light 
green leaves. At 250 ppm NO^-N, plants were larger, 
more succulent, darker green in color, and exhibited 
no chlorosis. 
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Figure 1. Cucumber cv. Marketmore grown at 10, 50, and 
250 ppm NO^-N. 
63 
Pea cv. Frosty grown at 10 
ppm NO^-N. 
50, Figure 2 f and 250 
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Pea plants grown on 10 ppm NO^-N had pale green 
upper leaves and chlorotic lower leaves whose margins 
became yellow and dried to a light tan color. The leaf 
surface area of the low nitrate treatment plants was 
also reduced in comparison with plants grown at higher 
nitrate levels. Pea plants grown at 50 and 250 ppm were 
almost indistinguishable, the only difference being a 
slightly paler green color of the upper leaves of plants 
grown on 50 ppm NO^-N. Otherwise, plants grown at the 
intermediate and high nitrate levels appeared succulent, 
gray-green in color, and exhibited no chlorosis. 
Increasing nitrate in the nutrient medium re¬ 
sulted in an overall increase in growth of cucumber and 
pea and was accompanied by an increase in shoot to root 
ratio (Table 1). The growth of all tissues, except pea 
roots, was enhanced by increasing nitrate in the medium. 
Reduction in pea root growth was analogous to the in¬ 
hibition of nodulation in legumes by nitrate and may 
have resulted from restriction in the downward movement 
of carbohydrate from the shoot. Evidence for the latter 
interpretation was the decrease in dry weight of pea 
roots as the nitrate level increased from 10 to 250 
ppm NO^-N (Table 2). 
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Table 1. Fresh weight of cucumber and pea grown on three 
levels of nitrate nutrition. / 
Treatment Tissue 
(ppm NO^-N) 
Cucumber 
Fresh Weight 
g/pot 
Pea 
10 
50 
250 
Blades ^/ 5.08 + 0.08 a _/ 8.86 + 0.08 b 
Petioles 0.54 + 0.01 a 2.24 + 0.05 b 
Stems 1.28 + 0.02 a 4.10 + 0.09 b 
Roots 8.01 + 0.10 a 23.26 + 0.70 b 
Blades 13.08 + 0.41 a 12.00 + 0.20 b 
Petioles 2.65 + 0.10 a 2.70 + 0.08 a 
Stems 5.51 + 0.16 a 4.87 + 0.12 b 
Roots 19.06 + 0.31 a 17.41 + 0.28 b 
Blades 31.09 + 0.50 a 14.33 + 0.28 b 
Petioles 10.10 + 0.32 a 3.16 + 0.14 b 
Stems 18.50 + 0.50 a 5.42 + 0.14 b 
Roots 25.66 + 0.87 a 16.03 + 0.40 b 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
^_/ In pea, blades include leaflets and stipules, petioles 
include rachii. 
_/ Value following mean denotes standard error of 
the mean. 
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Table 2. Dry weight of cucumber and pea grown on three 
> X 
levels of nitrate nutrition. / 
Treatment Tissue 
(ppm NO^-N) 
Dry Weight 
Cucumber 
g/pot 
Pea 
10 
50 
250 
Blades ^/ 0.48 + 0.01 z / a _/ 0.88 + 0.01 b 
Petioles 0.03 + 0.00 a 0.21 + 0.00 b 
Stems 0.06 + 0.00 a 0.37 + 0.01 b 
Roots 0.28 + 0.01 a 0.95 + 0.03 b 
Blades 1.51 + 0.05 a 1.31 + 0.04 b 
Petioles 0.14 + 0.00 a 0.22 + 0.01 b 
Stems 0.28 + 0.01 a 0.38 + 0.02 b 
Roots 0.69 + 0.02 a 0.71 + 0.02 a 
Blades 3.95 + 0.07 a 1.77 + 0.06 b 
Petioles 0.51 + 0.02 a 0.27 + 0.02 b 
Stems 0.88 + 0.02 a 0.43 + 0.02 b 
Roots 1.11 + 0.04 a 0.74 + 0.03 b 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
£/ In pea, blades include leaflets and stipules, petioles 
include rachii. 
Value following each mean denotes standard error 
of the mean. 
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Comparison of cucumber and pea growth reveals an 
interesting response (Table 1). At 10 ppm NO^-N, growth 
of pea exceeded that of cucumber; at 50 ppm there was 
only a slight difference in growth; while at 250 ppm, 
the growth of cucumber exceeded that of pea. Since pea 
could utilize the storage nitrogen available in its 
cotyledons during the first several weeks of growth, a 
reasonable interpretation of these results is that 
growth of pea at 10 ppm NO^-N was not entirely dependent 
upon exogenous nitrogen; in contrast, growth of cucumber 
was entirely dependent upon the nitrate supplied. Nit¬ 
rogen fixation by nodulated peas might also account for 
the results, but nodulation was not observed. At 250 
ppm NO^-N, growth of cucumber was far more responsive 
that pea, suggesting that high levels of nitrate might 
have had a repressive effect on pea. Direct evidence of 
this was the actual decline in fresh and dry weights of 
pea roots at 250 ppm NO^-N (Tables 1 and 2). Since 
legumes are capable of becoming nodulated and, hence, 
independent of inorganic nitrogen sources, the lack of 
response of pea to high levels of nitrate in the rooting 
medium may represent an evolutionary adaptation to 
nitrogen deficient habitats. 
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The dry weights of cucumber and pea (Table 2) illus¬ 
trate a similar growth response to nitrate, except that 
there was no significant difference in growth of cucumber 
and pea roots at 50 ppm NO^-N. 
In general, there was an overall increase in the 
nitrate content of cucumber and pea with increasing 
nitrate concentration of the medium (Table 3). In 
cucumber, the nitrate content of all tissues remained 
relatively constant at 10 and 50 ppm NO^-N, the leaf 
blades being the principal site of accumulation. At 250 
ppm, however, there was a marked increase in accumulation, 
petioles and stems becoming the principal sites of 
accumulation, followed by roots and then leaf blades. A 
similar pattern of nitrate accumulation was observed in 
pea except that there was a notable difference in the 
nitrate content of the tissues between 10 and 50 ppm 
NO^-N. At 250 ppm, pea petioles and stems were the 
principal sites of accumulation, followed by roots, and 
then leaflets and stipules. This same general pattern 
of nitrate accumulation was also observed in spinach (62), 
indicating a great uniformity in the overall pattern of 
nitrate accumulation in plants when saturating levels of 
nitrate are present in the external medium. 
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Table 3. Nitrate concentration in cucumber and pea 
grown on three levels of nitrate nutrition. / 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Concentration 
Cucumber Pea 
ppm NO^-N, fr wt 
10 
50 
250 
Blades -*V 72.5 + 1.5 
z / 
a _/ 7.2 + 1.3 b 
Petioles 19.3 + 4.2 a 6.5 + 1.0 b 
Stems 6.7 + 0.8 a 8.5 + 0.6 a 
Roots 10.5 + 1.7 a 6.7 + 0.5 a 
Blades 80.4 + 2.3 a 16.7 + 1.4 b 
Petioles 18.7 + 1.1 a 121.0 + 5.4 b 
Stems 8.5 + 1.3 a 133.0 + 8.8 b 
Roots 24.4 + 1.0 a 101.5 + 3.4 b 
Blades 222.1 + 14.2 a 182.3 + 5.3 b 
Petioles 1237.1 + 38.1 a 579.5 + 27.3 b 
Stems 1065.6 + 36.4 a 707.7 + 25.8 b 
Roots 508.7 + 15.0 a 528.5 + 16.9 a 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
^ / In pea, blades include leaflets and stipules, petioles 
include rachii. 
Value following each mean denotes standard error 
of the mean. 
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Comparison of cucumber and pea at 250 ppm NO^-N 
(Table 3) shows that the nitrate content of cucumber leaf 
blades, petioles, and stems was significantly greater 
than in pea. Thus, at the high nitrate level, nitrate 
accumulation by cucumber shoots exceeded that of pea 
shoots. These results agree with the findings of Barker 
and Maynard (6), and it appears that the greater nitrate 
content of cucumber shoots was due to the very high 
levels of nitrate accumulated by the stems and petioles, 
and not by the leaf blades. 
Nitrate accumulation by cucumber and pea roots 
grown on 250 ppm NO^-N was not significantly different 
(Table 3). These results do not agree with those of 
Barker and Maynard (6) who found cucumber roots to 
accumulate twice as much nitrate as pea roots when 
grown on 210 ppm NO^-N. The reason for these divergent 
results is not clear. 
Examination of Table 4 reveals an overall in¬ 
crease in nitrate reductase activity in cucumber and pea 
as the nitrate concentration of the medium increased. 
This is to be expected since the enzyme is adaptive in 
nature and increases in response to the nitrate content 
of the tissue (compare Tables 3 and 4). Of particular 
interest is the fact that the inducibility of the enzyme 
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Table 4. Nitrate reductase activity per unit fresh 
weight in cucumber and pea grown on three 
X 
levels of nitrate nutrition. / 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Reductase Activity 
Cucumber Pea 
nanomoles NC>2 hr ^ g ^ fr wt 
10 
50 
250 
Blades ^/ 0 a 0 a 
Petioles 0 a 0 a 
Stems 0 a 1-7 0 a 
Roots 17 + 3 
Z / 
a _/ 20 + 2 a 
Blades 3678 + 429 a 346 + 25 b 
Petioles 152 + 95 a 365 + 58 a 
Stems 312 + 53 a 311 + 28 a 
Roots 201 + 20 a 142 + 11 b 
Blades 16486 + 705 a 2267 + 152 b 
Petioles 1706 + 180 a 782 + 54 b 
Stems 1118 + 88 a 890 + 57 a 
Roots 365 + 23 a 526 + 77 a 
Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
In pea, blades include leaflets and stipules, petioles 
include rachii. 
2 
_/ Value following each mean denotes standard error 
of the mean. 
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varied with the nitrate concentration of the medium and 
with each tissue. Thus, it appears that the enzyme was 
not very inducible in cucumber and pea shoots grown on 
10 ppm NO^-N, even though nitrate was present in the 
tissue (compare Tables 3 and 4). These results suggest 
that when the nitrate supply is limiting, the roots 
serve as the principal site of reduction. Similar 
findings are reported for field pea by Wallace and Pate 
(82). These results are in sharp contrast to spinach 
(62) in which a very high level of enzyme activity 
could be detected in shoots grown on 10 ppm NO^-N. Thus, 
it appears that the enzyme is far less inducible in 
cucumber and pea compared with spinach, particularly 
when plants are grown on low nitrate media. 
In cucumber, as in spinach (62), nitrate reduc¬ 
tase of the roots was least responsive to increasing 
levels of nitrate in the medium, whereas activity in the 
leaf blades increased sharply (Table 4). These results 
suggest that at high nitrate levels, cucumber roots 
become far less important in nitrate reduction than 
shoots. The nitrate reductase of pea roots compared with 
shoots suggests that, even at the highest nitrate level, 
pea roots play an important role in nitrate assimilation 
(Table 4). This is in contrast to cucumber and spinach 
in which the shoots serve as the main site of assimilation 
when grown at high nitrate levels. 
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Comparison of nitrate reductase activity per unit 
weight in cucumber and pea at 250 ppm NO^-N (Table 4) 
reveals that enzyme activity in cucumber shoots exceeded 
that of pea shoots. On the other hand, activity of the 
enzyme was greater in pea roots than in cucumber roots, 
although the difference in activity was not statistically 
significant (Table 4). Expressed on a unit protein 
basis, the nitrate reductase activity of cucumber grown 
on 250 ppm NO^-N exceeded that of pea in all tissues 
(Table 5); in petioles, stems, and roots, this large 
difference in specific activity was undoubtedly due to 
the much higher levels of protein in pea compared with 
cucumber (Table 6). 
The total activity of the enzyme is given in 
Table 7. At 250 ppm NO^-N, the total activity of 
cucumber shoots far exceeded that of pea shoots, over 90% 
of the activity in cucumber shoots being located in the 
leaf laminae. No statistical difference in total nitrate 
reductase activity existed between the roots of cucumber 
and pea. Comparing the total activity of cucumber 
shoots V£. roots, the reductive capacity of the roots 
represented only 1.6% of the total reductive capacity 
of the plant. In contrast, the roots of pea accounted 
for 18% of the total reductive capacity of the plant. 
Thus, at the highest nitrate level, the pea root system 
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Table 5. Nitrate reductase activity per unit weight 
of protein in cucumber and pea grown on three 
levels of nitrate nutrition. / 
Treatment 
(ppm NO^-N) 
Tissue Nitrate Reductase Activity 
Cucumber Pea 
nanomoles NC^ hr ^ mg ''"protein 
10 
50 
250 
Blades y/ 0 a 0 a 
Petioles 0 a 0 a 
Stems 0 a 
ry 
0 a 
Roots 26 + 4 
Z / 
a _/ 14 + 2 b 
Blades 391 + 39 a 25 + 1 b 
Petioles 50 + 24 a 66 + 9 a 
Stems 257 + 41 a 95 + 7 b 
Roots 205 + 12 a 65 + 5 b 
Blades 936 + 28 a 146 + 7 b 
Petioles 1015 + 82 a 59 + 4 b 
Stems 717 + 18 a 112 + 4 b 
Roots 303 + 15 a 96 + 11 b 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
In pea, blades include leaflets and stipules, petioles 
include rachii. 
2 
_/ Value following each mean denotes standard error 
of the mean. 
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Table 6. Protein content of cucumber and pea grown 
on three levels of nitrate nutrition. / 
Treatment Tissue 
(ppm NO^-N) 
Protein Content 
Cucumber Pea 
mg protein g ^ fr wt 
10 
50 
250 
Blades ^/ 4.38 + 0.32 z / a J 7.24 + 0.46 b 
Petioles 0.78 + 0.05 a 4.42 + 0.16 b 
Stems 0.90 + 0.06 a 2.79 + 0.16 b 
Roots 0.63 + 0.02 a 1.58 + 0.08 b 
Blades 9.35 + 0.35 a 13.64 + 0.23 b 
Petioles 1.01 + 0.13 a 5.54 + 0.13 b 
Stems 1.20 + 0.06 a 3.27 + 0.10 b 
Roots 0.98 + 0.08 a 2.18 + 0.03 b 
Blades 17.59 + 0.30 a 15.49 i T 0.41 b 
Petioles 1.67 + 0.05 a 12.95 + 0.21 b 
Stems 1.55 + 0.09 a 7.94 + 0.23 b 
Roots 1.20 + 0.05 a 5.41 + 0.20 b 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05) . 
In pea, blades include leaflets and stipules, petioles 
include rachii. 
Value following each mean denotes standard error 
of the mean. 
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Table 7. Total nitrate reductase activity per plant in 
cucumber and pea grown on three levels of 
nitrate nutrition. / 
Treatment 
(ppm NO^-N) 
10 
50 
250 
Nitrate Reductase Activity 
Cucumber 
nanomoles NO^ hr 
Pea 
1 i 4.-1 plant , fr wt 
Blades ^/ 0 a 0 a 
Petioles 0 a 0 a 
Stems 0 a 0 a 
Roots 34 + 6 a _/ 118 + 8 b 
Blades 12162 + 1679 a 1039 + 83 b 
Petioles 101 + 63 a 243 + 34 a 
Stems 436 + 81 a 378 + 33 a 
Roots 958 + 96 a 618 4- 48 b 
Blades 128304 + 6804 a 8077 _L i 460 b 
Petioles 4347 + 560 a 616 + 42 b 
Stems 5211 + 540 a 1203 + 66 b 
Roots 2343 + 183 a 2107 + 308 a 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
In pea, blades include leaflets and stipules, petioles 
include rachii. 
Value following each mean denotes standard error 
of the mean. 
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plays a more important role in nitrate assimilation 
than the root system of cucumber. If the nitrate 
reductase activity of cucumber shoots was greater than 
that of pea shoots, how can the higher levels of nitrate 
in cucumber shoots be accounted for (compare Tables 3, 
4, and 7)? Analysis of the nitrogenous constituents of 
xylem sap suggests that the pea root system is very 
efficient in nitrate assimilation, with the consequence 
that far less nitrate reaches the shoot system of pea 
compared with cucumber. Even though the reductive 
capacity of cucumber shoots is greater than that of pea, 
the rate of translocation of nitrate from the root 
system of cucumber is evidently great enough to exceed 
the reductive capacity of the shoot. 
Analysis of the nitrogenous fraction of xylem 
sap collected from cucumber is given in Table 8. As the 
nitrate level in the external medium increased, the total 
amount of nitrogen translocated from the root system 
also increased, although total nitrogen per unit volume 
of sap remained relatively constant. This was the re¬ 
sult of a greater overall exudation rate under high 
nitrate conditions. 
Of the organic constituents of the xylem sap, 
valine, isoleucine, threonine, glutamic acid, and lysine 
were the most important amino acids. The amide, glutamine, 
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Table 8 . Analysis of the nitrogenous fraction of bleeding 
sap collected from cucumber cv. Marketmore. 
Treatment 
Sap 
Component 
10 50 250 
ppm NO^-N 
ygN ygNhr ^ ygN y gNhr ^ ygN ygNhr ^ 
ml ^sap plant ^ ml ^sap plant ml ^"sap plant ^ 
ala trace • • • trace • • • trace • • • 
val 0.888 0.069 0.852 0.301 1.680 1.482 
giy trace • • • trace • • • trace • • • 
ile 0.556 0.043 0.621 0.219 1.070 0.944 
leu 0.193 0.015 0.300 0.106 0.428 0.377 
pro 0.061 0.005 0.049 0.017 0.244 0.215 
thr 0.496 0.039 0.496 0.175 0.944 0.833 
ser 0.106 0.008 0.133 0.047 0.399 0.352 
met 0.075 0.006 0.122 0.043 0.094 0.083 
horn 0.000 • • • 0.000 • • • 0.000 • • • 
<f>ala 0.017 0.001 0.034 0.012 0.085 0.075 
asp 0.304 0.024 0.357 0.126 0.525 0.463 
glu 4.228 0.330 7.448 2.631 0.950 0.838 
tyr 0.000 • • • 0.000 • • • 0.231 0.204 
lys 1.920 0.150 2.842 1.004 5.376 4.742 
his 0.732 0.057 1.084 0.383 trace • • • 
arg 0.546 0.042 2.311 0.816 0.000 • • • 
gluNH^ 17.050 1.330 30.835 10.891 31.104 27.377 
aspNH^ 0.000 • • • 0.000 • • • 0.000 • • • 
nh4+ 0.000 • • • 0.000 • • • 0.000 • • • 
no3- 152.000 11.856 182.400 64.424 158.100 139.444 
Total 179.172 13.975 229.884 81.195 201.230 177.429 
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was by far, however, the most important carrier of re¬ 
duced nitrogen. In this respect, cucumber is similar to 
spinach, balsam, Perilla, and sunflower (62, 83, 84). 
No ammonia could be detected, even at the highest ni¬ 
trate level, indicating a rapid and efficient conversion 
of the molecule to the amino and amide forms. This is 
in contrast to spinach, in which ammonia appeared even 
in plants grown on 10 ppm NO^-N (62). At all three 
levels of nitrate, free nitrate ion in the xylem sap of 
cucumber predominated over reduced forms of nitrogen, 
indicating that the root system, as in spinach, is rel¬ 
atively unimportant in nitrate reduction. 
Analysis of the nitrogenous fraction of bleeding 
sap from pea is given in Table 9. As the nitrate level 
in the external medium increased, the total nitrogen 
translocated from the root system increased as did the 
nitrogen concentration per unit volume of sap. The most 
important forms of organic nitrogen included the amino 
acids, homoserine, aspartic acid, and lysine, and the 
amides, glutamine and asparagine. At 250 ppm NO^-N, 
homoserine was the predominant amino acid, and asparagine 
was the predominant amide. Other species in which 
asparagine is the predominant form of organic nitrogen 
translocated in the xylem sap include, field pea, 
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Table 9. Analysis of the nitrogenous fraction of bleeding 
sap collected from pea cv. Frosty. 
Treatment 
Sap 
Component 10 50 250 
ppm NO^-N 
ygN ygNhr ^ ygN ygNhr ^ ygN ygNhr ^ 
ml ^sap plant ^ ml ^sap plant ^ 
,-l 
ml sap plant ^ 
ala 0.094 0.002 trace • • • trace • • • 
val 0.672 0.015 1.116 0.016 3.912 0.457 
gly trace • • • trace • • • trace • • • 
ile 0.289 0.006 0.268 0.015 2.086 0.244 
leu 0.257 0.006 0.225 0.012 2.343 0.274 
pro 0.195 0.004 0.451 0.025 0.805 0.094 
thr 0.578 0.013 1.322 0.073 5.959 0.696 
ser 0.053 0.001 0.120 0.007 0.519 0.061 
met 0.000 • • • 0.000 • • • 0.000 • • • 
horn 1.156 0.026 6.443 0.355 35.648 4.164 
<}>ala trace • • • 0.102 0.006 0.646 0.075 
asp 44.940 1.002 55.598 3.063 17.661 2.063 
glu 1.340 0.030 4.836 0.266 0.370 0.043 
tyr 0.000 • • • 0.069 0.004 0.601 0.070 
lys 1.229 0.027 0.902 0.050 17.453 2.038 
his 1.789 0.040 0.948 0.052 0.000 • • • 
arg 1.316 0.029 1.926 0.106 2.921 0.341 
gluNH 4.608 0.103 14.803 0.816 39.168 4.575 
aspNH^ 6.360 0.142 36.146 1.992 321.116 37.506 
nh4+ 0.000 • • • 0.000 • • • 0.000 • • • 
no3- 27.400 0.610 60.800 3.350 130.700 15.266 
Total 92.276 2.056 186.075 10.243 581.908 67.967 
ir 
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blue lupine, white clover, and oats (83). Thus, 
asparagine appears to be an important carrier of reduced 
nitrogen especially in legumes and possibly in some other 
plants. Ammonia was absent from the nitrogenous fraction 
of bleeding sap collected from pea, indicating, as in 
cucumber, a rapid and efficient conversion to the amino 
and amide forms. Much less free nitrate was found in 
the xylem sap of pea compared with forms of reduced 
nitrogen, suggesting that in pea the root system is far 
more efficient in nitrate assimilation than in cucumber. 
There was a marked qualitative difference in the 
forms of organic nitrogen translocated from the roots of 
cucumber and pea (compare Tables 8 and 9). In cucumber, 
homoserine and asparagine were virtually absent, and 
aspartic acid accounted for only a small fraction of the 
organic nitrogen. In pea, homoserine and asparagine 
predominated in the organic nitrogen fraction. Since 
homoserine, lysine, and asparagine belong to the as¬ 
partate family of amino acids, all may be readily 
synthesized from aspartate in pea. Asparagine possesses 
a C:N ratio of 2.0,thus may carry nitrogen to the shoot 
with a minimum loss of carbon from the donor root (64). 
Glutamine, the principal form of organic nitrogen trans¬ 
located in cucumber, has a C:N ratio of 2.5, indicating 
a slightly less efficient utilization of carbon furnished 
by the root. 
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Although the rate of export of nitrate from the 
roots of cucumber and pea increased with the level of 
nitrate in the rooting medium, the ratio of nitrate- 
nitrogen to reduced nitrogen remained relatively con¬ 
stant over the range of 10 to 250 ppm NO^-N (Tables 10 
and 11). Approximately 80 to 85% of the total nitrogen 
in the xylem sap of cucumber was in the nitrate form, 
compared with 20 to 30% in pea. These results agree 
j with the observation that nitrate reductase activity of 
' cucumber roots was somewhat lower than in pea roots 
(Table 4). It does not appear, however, that the 
reductase activity in pea roots was sufficiently higher 
than in cucumber roots to account for the marked 
differences in the nitrate-nitrogen found in the xylem 
sap of both species. Pea roots may be more efficient 
in nitrate reduction by virtue of the fact that nitrogen 
uptake from the external medium is approximately one- 
third the rate of cucumber roots. A slower rate of 
nitrate uptake combined with a slightly higher re¬ 
ductase activity could account for the greater effi¬ 
ciency with which pea roots reduce nitrate. Since 
cucumber is less efficient than pea in reducing nitrate 
in the roots, this could explain why cucumber accu¬ 
mulated more nitrate in the shoots than pea, especially 
at 250 ppm N03~N (Table 3). 
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Table 10. Major nitrogenous constituents of bleeding sap 
collected from cucumber cv. Marketmore. 
Treatment 
Component 
10 50 250 
ppm N03~N 
ygN hr ^ % of ygN hr ^ % of ygN hr ^ % of 
plant ^ total plant ^ total plant ^ total 
amino-N 0.79 6 5.89 7 10.61 6 
amide-N X/ 1.33 9 10.89 14 27.38 15 
nh3-n 0.00 0 0.00 0 0.00 0 
no3-n 11.86 85 64.42 79 139.44 79 
Total 13.98 81.20 177.43 
x 
/ glutamine 
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Table 11. Major nitrogenous constituents of bleeding 
sap collected from pea cv. Frosty. 
Treatment 
Component 
10 50 
ppm N03~N 
250 
ygN hr ^ % of ygN hr ^ % of ygN hr ^ % of 
plant ^ total plant ^ total plant ^ tota! 
amino-N 1.20 58 4.08 40 10.62 16 
amide-N X/ 0.25 12 2.81 27 42.08 62 
nh3~n 0.00 0 0.00 0 0.00 0 
no3-n 0.61 30 3.35 33 15.27 22 
Total 2.06 10.24 67.97 
X 
/ asparagine plus lesser amounts of glutamine 
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At the highest nitrate level, 15% of the total 
nitrogen transported in the xylem sap of cucumber was in 
the amide form compared with 62% in pea (Tables 10 and 11). 
It was suggested in the previous study (62) that ni¬ 
trate uptake may be subject to end product inhibition 
by amino acids, and possibly amides. It follows that 
high levels of amino acids and amides in the pea root 
system may exert a repressive effect upon nitrate uptake 
and thereby account for the greater efficiency with 
which pea roots assimilate nitrate as compared with 
cucumber and spinach. This control system may also, 
in part, account for the relatively constant ratio of 
nitrate-nitrogen to reduced-nitrogen in the xylem sap 
of pea and cucumber over the wide range of nitrate 
treatments used in this study. 
In summary, the results of the present investi¬ 
gation suggest that: 
(a) Nitrate accumulation occurs in cucumber 
and pea under conditions of a high exogenous supply 
of nitrate. 
(b) Shoots of cucumber accumulate high levels 
of nitrate as a result of the limited reductive cap¬ 
acity of the roots; shoots of pea accumulate lower 
levels of nitrate than cucumber as a result of far more 
efficient nitrate assimilation by the roots. 
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(c) Accumulation in the tissues of cucumber 
and pea is not uniform, petioles and stems accumulating 
more nitrate than roots, and roots accumulating more 
nitrate than leaf laminae. 
(d) In comparing tissues within a given species, 
there is, in general, an inverse relationship between 
the nitrate reductase activity of a given tissue and the 
level to which it accumulates nitrate; roots appear to 
be an exception, however, since they possess lower 
nitrate levels than expected, presumably because of rapid 
translocation of nitrate to the shoots. 
(e) Whereas nitrate is the principal form in 
which nitrogen is translocated and stored in cucumber, 
amides serve the same functions in pea. 
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Table 1. Mechanical analysis of sand mixture used as 
a plant growth medium.x/ 
Separate ^/ Diameter Limits 
(mm) 
Analysis 
(percentage) 
very coarse sand 2.00-1.00 24.0 
coarse sand 1.00-0.50 43.0 
medium sand 0.50-0.25 25.1 
fine sand 0.25-0.10 7.8 
very fine sand 0.10-0.05 < 0.1 
_/ 1:1 mixture (w/w) of quartzite and silica sand 
(Pennsylvania Glass Sand Corp.). 
Classification of sand particles according to the 
U. S. Department of Agriculture System. 
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Table 2. Total nitrogen analysis of bleeding sap collected 
from spinach, cucumber, and pea. 
Plant Treatment 
(ppm NO^-N) 
Total-N */ Kjeldahl-N Percent 
(ygNml ^"sap) (ygNml ^sap) Recovery 
10 312 361 86 
Spinach 50 391 431 91 
cv. America 250 347 411 85 
10 349 383 91 
Spinach 50 370 411 90 
cv. Hybrid 424 250 504 579 87 
10 179 191 94 
Cucumber 50 229 251 91 
cv. Marketmore 250 201 236 85 
10 92 101 91 
Pea 50 186 208 89 
cv. Frosty 250 582 646 90 
_/ Sum of amino-N, amide-N, ammonia-N, and NO^-N from analy¬ 
sis of nitrogenous constituents of bleeding sap. 
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Table 3. Estimated bacterial contamination of bleeding sap 
collected from spinach, cucumber, and pea. Nu¬ 
trient agar medium.x/ 
Plant Treatment Bacterial 
(ppm NO 
10 
Spinach 50 
cv. America 250 
10 
Spinach 50 
cv. Hybrid 424 250 
10 
Cucumber 50 
cv. Marketmore 250 
10 
Pea 50 
cv. Frosty 250 
-N) (cells ml 
1300 
2000 
1200 
1000 
2000 
3000 
2200 
900 
1100 
800 
100 
600 
Count 
~1 sap) 
_/ Bacteria were grown on nutrient agar and estimated 
by the dilution plate method. 
Colonies mucoid, translucent, and either white or pale 
yellow. Bacteria were bacilli whose average dimensions 
were 2.0y x 0.5y. 
_/ Low levels of bacterial contamination suggest that 
alteration of nitrogenous constituents of xylem sap 
by microorganisms was insignificant (H. B. Gunner, per¬ 
sonal communication). 
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Table 4. Estimated bacterial contamination of bleeding 
sap collected from spinach, cucumber, and pea. 
Potato dextrose agar medium. / 
Plant 
• v 
Treatment Bacterial Count _/ 
(ppm NO^-N) (cells ml ^ sap) 
10 1700 
Spinach 50 2100 
cv. America 250 1300 
10 2150 
Spinach 50 1800 
cv. Hybrid 424 250 900 
10 2300 
Cucumber 50 300 
cv. Marketmore 250 4200 
10 1800 
Pea 50 1000 
cv. Frosty 250 400 
_/ Bacteria were grown on potato dextrose agar and esti¬ 
mated by the dilution plate method. 
_/ Colonies mucoid, translucent, and either white or pale 
yellow. Bacteria were bacilli whose average dimen¬ 
sions were 2.0y x 0.5y. 
2 
_/ Low levels of bacterial contamination suggest that al¬ 
teration of nitrogenous constituents of xylem sap by 
microorganisms was insignificant (H. B. Gunner, personal 
communication). 
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Table 5. Effect of greenhouse and growth chamber environ¬ 
ments on yield of spinach cv. America. w/ 
Treatment 
(ppm NO^-N) 
Tissue Fresh Weight 
Greenhouse */ Growth Chamber^/ 
g/pot 
Blades 3.61 + 0.37 a Z/ 3.69 + 0.30 a 
10 Petioles 0.44 + 0.08 a 0.86 + 0.06 b 
Roots 4.28 + 0.26 a 3.13 + 0.60 b 
Blades 12.67 + 1.44 a 12.30 + 0.82 a 
50 Petioles 2.40 + 0.38 a 3.38 + 0.22 b 
Roots 13.48 + 0.79 a 7.41 + 0.78 b 
Blades 30.78 + 3.45 a 30.85 + 2.29 a 
250 Petioles 6.52 + 0.82 a 8.26 + 0.55 b 
Roots 13.18 + 1.17 a 9.77 + 0.89 b 
w . . 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
_/ Mean daylength at harvest date was 13 hours 41 
minutes (81). 
y 
_/ Plants grown m growth chamber for 7 weeks; values 
adjusted to 6 weeks in order to compare with 6-week- 
old greenhouse-grown plants; observed values multi¬ 
plied by a factor of 0.72, the mean fresh weight ratio 
of 6 and 7-week-old spinach plants (88). 
Value following each mean denotes the standard deviation 
of the mean. 
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Table 6. Effect of greenhouse and growth chamber environ¬ 
ments on yield of spinach cv. Hybrid 424. w/ 
Treatment 
(ppm NO^-N) 
Tissue Fresh Weight 
X V 
Greenhouse _/ Growth Chamber_/ 
' g/pot 
Blades 3.33 + 
10 
Petioles 0.57 + 
Roots 2.57 + 
Blades 19.97 + 
50 Petioles 5.45 + 
Roots 18.58 + 
Blades 53.23 + 
250 Petioles 21.87 + 
Roots 26.89 + 
0.10 a _/ 5.57 + 0.28 b 
0.04 a 0.93 + 0.08 b 
0.14 a 3.85 T 0.19 b 
1.42 a 21.53 + 2.32 a 
0.54 a 5.80 T 0.31 a 
1.92 a 12.27 T 1.82 b 
5.50 a 51.95 + 1.43 a 
2.59 a 17.03 + 1.39 b 
4.95 a 19.16 + 0.13 b 
w . . 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
_/ Mean daylength at harvest date was 11 hours 58 minutes 
(81) . 
_/ Plants grown in growth chamber for 7 weeks; values 
adjusted to 6 weeks in order to compare with 6-week- 
old greenhouse-grown plants; observed values multiplied 
by a factor of 0.72, the mean fresh weight ratio of 
6 and 7-week-old spinach plants (88). 
2 
_/ Value following each mean denotes the standard deviation 
of the mean. 
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Table 7. Effect of greenhouse and growth chamber environ¬ 
ments on yield of cucumber cv. Marketmore. w/ 
Treatment Tissue 
(ppm NO^-N) 
Fresh Weight 
Greenhouse _/ Growth Chamber 
g/pot 
Blades 5.08 + 0.18 a / 6.39 + 0.42 b 
10 
Petioles 0.54 + 0.03 a 1.12 + 0.07 b 
Stems 1.28 + 0.06 a 2.22 + 0.16 b 
Roots 8.01 + 0.22 a 7.88 + 0.36 a 
Blades 13.08 + 0.92 a 15.30 + 0.64 b 
50 
Petioles 2.65 + 0.21 a 4.25 + 0.16 b 
Stems 5.51 + 0.37 a 8.34 T 0.29 b 
Roots 19.06 + 0.69 a 17.62 + 2.24 a 
Blades 31.09 + 1.12 a 32.91 + 1.67 a 
250 
Petioles 10.10 + 0.72 a 12.23 + 1.26 b 
Stems 18.50 + 1.11 a 19.66 + 1.76 a 
Roots 25.66 T 1.95 a 24.33 + 2.08 a 
Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
_/ Mean daylength at harvest date was 12 hours 45 
minutes (81) . 
_/ Value following each mean denotes the standard de¬ 
viation of the mean. 
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Table 8. Effect of greenhouse and growth chamber environ¬ 
ments on yield of pea cv. Frosty. w/ 
Treatment 
(ppm NO^-N) 
Tissue Fresh Weight 
x 
Greenhouse _/ Growth Chamber 
g/pot 
10 
50 
250 
Blades ^/ 8.86 + 0.18 a !/ 8.96 + 0.34 a 
Petioles 2.24 + 0.10 a 2.55 + 0.23 a 
Stems 4.10 + 0.19 a 3.94 + 0.26 a 
Roots 23.26 + 1.56 a 22.34 + 1.15 a 
Blades 12.00 + 0.44 a 13.12 + 0.75 a 
Petioles 2.70 + 0.19 a 2.69 + 0.44 a 
Stems 4.87 + 0.27 a 4.70 T 0.53 a 
Roots 17.41 + 0.62 a 18.99 + 0.32 b 
Blades 14.33 + 0.62 a 13.96 + 0.36 a 
Petioles 3.16 + 0.31 a 3.95 + 0.24 b 
Stems 5.42 T 0.31 a 5.92 + 0.47 a 
Roots 16.03 + 0.90 a 15.59 + 0.52 a 
w 
_/ Means not sharing the same letter within rows are sig¬ 
nificantly different (P < 0.05). 
_/ Mean daylength at harvest date was 12 hours 25 minutes 
(81) . 
Blades include leaflets and stipules, petioles include 
rachii. 
* 
Value following each mean denotes the standard deviation 
of the mean. 
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Table 9. Effect of greenhouse and growth chamber environ¬ 
ments on nitrate accumulation in spinach cv. 
America. w/ 
Treatment Tissue Nitrate Concentration 
(ppm N03-N) --- 
Greenhouse _/ Growth Chamber 
ppm NO^-N, fr wt 
Blades 1.18 + 1.62 a z/ 1.67 + 2.89 a 
10 Petioles 3.14 + 5.28 a 10.50 + 9.10 a 
Roots 33.62 + 4.95 a 58.67 T 9.80 b 
Blades 2.26 + 3.48 a 27.93 + 5.64 b 
50 Petioles 10.24 T 11.16 a 79.17 + 11.89 b 
Roots 103.80 + 31.16 a 149.23 + 5.38 b 
Blades 394.22 + 104.71 a 457.50 + 24.18 a 
250 Petioles 1301.96 T 64.17 a 1604.93 + 109.11 b 
Roots 814.72 + 78.09 a 689.93 + 145.80 a 
w 
_/ Means not sharing the same letter within rows are sig¬ 
nificantly different (P < 0.05). 
*/ Mean daylength at harvest date was 13 hours 41 minutes 
(81) . 
Value following each mean denotes the standard devia¬ 
tion of the mean. 
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Table 10. Effect of greenhouse and growth chamber environ¬ 
ments on nitrate accumulation in spinach cv. 
Hybrid 424. w/ 
Treatment Tissue Nitrate Concentration 
(ppm N03-N) ---- 
Greenhouse / Growth Chamber 
ppm NO^-N, fr wt 
Blades 5.80 + 1.40 a Z/ 7.50 + 2.17 a 
10 Petioles 4.08 + 1.83 a 4.07 + 1.60 a 
Roots 7.04 T 1.66 a 7.33 + 0.55 a 
Blades 11.40 + 1.88 a 22.23 + 2.41 b 
50 Petioles 13.52 + 0.97 a 28.80 + 5.94 b 
Roots 31.18 + 6.81 a 48.23 + 12.71 a 
Blades 121.82 + 35.27 a 158.23 + 21.05 a 
250 Petioles 458.10 + 76.80 a 487.03 + 30.09 a 
Roots 313.44 + 20.66 a 288.03 + 28.06 a 
w 
_/ Means not sharing the same letter within rows are sig¬ 
nificantly different (P < 0.05). 
_/ Mean daylength at harvest date was 11 hours 58 minutes 
(81) . 
z 
_/ Value following each mean denotes standard deviation 
of the mean. 
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Table 11. Effect of greenhouse and growth chamber environ¬ 
ments on nitrate accumulation in cucumber cv. 
Marketmore. w/ 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Concentration 
Greenhouse _/ Growth Chamber 
ppm NO^-N, fr wt 
Blades 72.46 + 3.26 a z/ 84.43 + 13.71 a 
10 
Petioles 19.34 + 9.43 a 0.77 + 0.68 b 
Stems 6.70 + 1.77 a 6.03 + 1.30 a 
Roots 10.52 + 3.82 a 16.03 + 1.79 b 
Blades 80.42 + 5.24 a 115.63 + 19.36 b 
50 
Petioles 18.74 + 2.52 a 12.03 + 4.52 a 
Stems 8.48 + 2.99 a 5.83 + 2.00 a 
Roots 24.38 + 2.26 a 45.66 + 11.00 b 
Blades 222.12 + 31.88 a 248.70 + 23.32 a 
250 
Petioles 1237.12 + 85.26 a 1354.93 + 32.07 b 
Stems 1065.56 + 81.37 a 1198.66 + 65.97 b 
Roots 508.74 + 33.57 a 796.80 + 91.71 b 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
v* • 
_/ Mean daylength at harvest date was 12 hours 45 minutes 
(81) . 
JV Value following each mean denotes standard deviation 
of the mean. 
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Table 12. Effect of greenhouse and growth chamber environ¬ 
ments on nitrate accumulation in pea cv. Frosty. W/ 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Concentration 
y 
Greenhouse _/ Growth Chamber 
ppm NO^-N, fr wt 
10 
50 
250 
Blades ^/ 7.18 + 2.98 a / 6.30 + 1.41 a 
Petioles 6.48 + 2.20 a 10.40 + 3.04 a 
Stems 8.48 + 1.34 a 17.93 T 3.71 b 
Roots 6.74 + 1.04 a 10.97 + 1.75 b 
Blades 16.72 + 3.02 a 22.87 + 2.05 b 
Petioles 121.04 + 11.96 a 91.47 + 24.22 a 
Stems 133.04 T 19.60 a 128.60 + 25.66 a 
Roots 101.48 + 7.73 a 134.60 + 22.98 a 
Blades 182.30 + 11.85 a 179.07 + 24.01 a 
Petioles 579.46 + 61.04 a 703.30 + 55.82 b 
Stems 707.72 + 57.64 a 887.73 T 21.92 b 
Roots 528.54 + 37.86 a 601.23 + 57.34 a 
w / . . 
_/ Means not sharing the same letter within rows are sig¬ 
nificantly different (P < 0.05). 
_/ Mean daylength at harvest date was 12 hours 25 minutes 
(81) . 
_/ Value following each mean denotes the standard devia¬ 
tion of the mean. 
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Table 13. Effect of greenhouse and growth chamber environ- . 
ments on nitrate reductase activity in spinach 
_ . w . 
cv. America. / 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Reductase Activity 
Greenhouse _/ Growth Chamber 
nanomoles NC^hr ^g fr wt 
Blades 4425 + 956 a Z/ 4669 + 815 a 
10 Petioles 5035 + 716 a 4820 + 1002 a 
Roots 325 + 76 a 561 + 100 b 
Blades 9352 + 1360 a 12135 + 2581 a 
50 Petioles 4131 + 204 a 3966 + 546 a 
Roots 724 + 222 a 514 + 86 a 
Blades 10939 + 1142 a 13420 + 481 b 
250 Petioles 5389 + 871 a 4724 + 267 a 
Roots 492 + 89 a 260 + 8 b 
Means not sharing the same letter within rows are sig r _ 
nificantly different (P < 0.05). 
*/ Mean daylength at harvest date was 13 hours 41 minutes 
(81). 
z 
_/ Value following each mean denotes the standard devia¬ 
tion of the mean. 
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Table 14. Effect of greenhouse and growth chamber environ¬ 
ments on nitrate reductase activity in spinach 
cv. Hybrid 424. w/ 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Reductase Activity 
Greenhouse _/ Growth Chamber 
nanomoles NC^hr ^g ^ fr wt 
Blades 1700 + 590 a !/ 1688 + 545 a 
10 Petioles 2009 + 415 a 1613 + 243 a 
Roots 178 + 67 a 212 + 39 a 
Blades 11944 + 990 a 13470 + 1485 a 
50 Petioles 3307 + 448 a 3788 + 262 a 
Roots 194 + 16 a 265 + 109 a 
Blades 16277 + 2030 a 19885 + 573 b 
250 Petioles 5333 + 402 a 5329 + 526 a 
Roots 489 + 114 a 353 + 26 a 
w 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
_/ Mean daylength at harvest date was 11 hours 58 
minutes (81). 
2 
_/ Value following each mean denotes the standard de¬ 
viation of the mean. 
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Table 15. Effect of greenhouse and growth chamber environ¬ 
ments on nitrate reductase activity in cucumber 
cv. Marketmore. W/ 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Reductase Activity 
Greenhouse _/ Growth Chamber 
nanomoles NO^hr ^g ^ fr wt 
Blades 0 0 
10 
Petioles 0 0 
Stems 0 0 
Roots 17 + 6 21 + 9 a 
Blades 3678 + 960 a 4346 + 829 a 
50 
Petioles 152 + 212 a 30 + 25 a 
Stems 312 + 120 a 174 + 35 a 
Roots 201 + 44 a 370 + 145 a 
Blades 16486 + 1577 a 18035 + 2199 a 
250 
Petioles 1706 + 402 a 1980 + 95 a 
Stems 1118 + 198 a 697 + 64 b 
Roots 365 + 51 a 247 + 24 b 
Means not sharing the same letter within rows are sig¬ 
nificantly different (P < 0.05). 
*/ Mean daylength at harvest date was 12 hours 45 minutes 
(81). 
Z/ Value following each mean denotes the standard devia¬ 
tion of the mean. 
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Table 16. Effect of greenhouse and growth chamber environ¬ 
ments on nitrate reductase activity in pea cv. 
Frosty. W/ 
Treatment Tissue 
(ppm NO^-N) 
Nitrate Reductase Activity 
Greenhouse */ Growth Chamber 
nanomoles NO^hr ^g fr wt 
Blades ^/ 0 0 
10 
Petioles 0 0 
Stems 0 0 
Roots 21 + 4 a !/ 8 + 5 b 
Blades 346 + 55 a 233 + 12 b 
50 
Petioles 365 + 129 a 313 + 73 a 
Stems 311 + 63 a 403 + 103 a 
Roots 142 + 26 a 92 + 14 b 
Blades 2267 + 340 a 2196 + 174 a 
250 
Petioles 782 + 121 a 1140 + 47 b 
Stems 890 + 126 a 755 + 64 a 
Roots 526 + 172 a 373 + 38 a 
w 
_/ Means not sharing the same letter within rows are 
significantly different (P < 0.05). 
_/ Mean daylength at harvest date was 12 hours 25 minutes 
(81). 
^/ Blades include leaflets and stipules, petioles include 
rachii. 
z 
_/ Value following each mean denotes the standard devia¬ 
tion of the mean. 

